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Abbreviations 
 
The abbreviations in this paper are as blow. 
 
Ac    : acetyl 
aq.    : aqueous 
BINAP   : 2,2’-bis(diphenylphosphino)-1,1-binaphtyl 
calcd.    : calculated 
cat.    : catalyst 
D    : deuterium 
DIBAH   : diisopropylaluminium hydride 
DMAP    : 4-(dimethylamino)pyridine 
DME    : 1,2-dimethoxyethane 
DMF    : N,N-dimethylformamide 
DMSO    : dimethyl sulfoxide 
Dppb    : 1.4-bis(diphenylphosphino)butane 
Dppe    : 1.2-bis(diphenylphosphino)ethane 
Dppp    : 1.3-bis(diphenylphosphino)propane 
Et    : ethyl 
equiv.    : equivalent 
FAB    : fast atom bombardent 
GLC    : gas chromatography 
IR    : infrared 
L    : ligand 
Me    : methyl 
Mp    : melting point 
Ms    : methanesulfonyl 
n    : normal 
NMR    : nuclear magnetic resonance 
NOE    : nuclear overhauser effect 
p    : para 
PCC    : pyridinium chlorochromate 
Ph    : phenyl 
Piv    : pivaloyl 
Py    : pyridine 
quant.    : quantative yield 
r.t.    : room temperature 
t    : tertiary 
TBS    : tbutyldimethylsilyl 
THF    : tetrahydrofrun 
TLC    : thin-layer chromatography 
TMS    : tetramethylsilane 
Tol    : tolyl 
UV    : ultraviolet 
 
Experimental Section 
 
General procedures 
 
1. Melting point 
Melting points were determined by Yanaco MP-S3 and uncorrected. 
 
2. Optical rotation 
Optical rotation was measured on a JASCO DIP-1000 polarmeter. 
 
3. IR spectra 
IR spectra were recorded on PERKIN-ELMER PARAON 1000 FT-IR 
 
4. 1H NMR, 13C NMR, and 31P NMR spectra 
The spectra were recorded on JEOL JNM AL 400, JEO JNM AL 300, JEOL Lambda 500, 
and Bruker AVANCE 600 using TMS as an internal standard. The 31P NMR spectra were 
recorded using 80% H3PO4 as an external standard. 
 
5. Mass spectra 
Mass spectra were recorded on a JOEL JMS-AUTOMASS spectrometer combined with gas 
chromatography. 
 
6. Elemental analysis 
Elemental analyses were performed by the Materials Characterization Central Laboratory in 
Waseda University. 
 
7. Thin-layer chromatography 
TLC was performed using Merck silica gel 60F254 aluminum sheets. 
 
8. Silica gel chromatography 
Column chromatography was performed using Silica gel 60N. 
 
9. Gas chromatography 
Gas chromatographic analyses were conducted on HITACHI G-3000 instrument equipped 
with a flame-ionization detector and a chiral capillary column (CP-Chiralsil-Dex CB 0.25 
μm x 25 m x 0.25 mm and IterCap CHIRAMIX 0.25 μm x 30 m x 0.25 mm) 
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Introduction 
 
Organic compounds have three-dimensional structures. The chirality is fundamental of 
structural organic chemistry and is related to origin of life. The importance of chirality is now 
well recognized in connection mainly with physiological and pharmacological properties of 
natural and artificial organic compounds as well as with the fundamental character of the tetra-
hedral carbon atom. Over the last 30 years, asymmetric synthesis has developed rapidly and ex-
tensively and it is growing into a new way of producing optically active chiral compounds that 
is more general and efficient than enzymatic reactions in many cases. This was considered im-
probable until quite recently. The author is interested in chiral synthesis using templates of tran-
sition metal complexes as catalysts. Among them a lot of catalytic hydrogenation and oxidation 
using chiral catalyst have been reported known such as the works by Nobel winners, Prof. K. 
Barry Sharpless, Prof. Ryoji Noyori and Prof. William S. Knowles in 2001. However, so far 
catalytic asymmetric carbon–carbon bond formations have not investigated enough and they 
seem to be explored extensively in the next decade. 
 
The Usefulness of Palladium-Catalyzed Reactions 
 
There are several features that make reactions involving Pd particularly useful and versatile 
among many transition metals used for organic synthesis. Most importantly, Pd offers many 
possibilities of carbon–carbon bond formation. The importance of carbon–carbon bond forma-
tion in organic synthesis needs no explanation, and no other transition metals can offer such 
versatile methods for carbon–carbon formations as Pd. The tolerance of Pd reagent atom any 
functional groups such, as carbonyl and hydroxyl groups are the second important feature. 
Pd-catalyzed reactions can be carried out without protection of these functional groups. Al-
though reactions involving Pd should be carried out carefully, Pd reagents and catalysts are not 
very sensitive to oxygen and moisture, or even to acid. Ni(0) complexes are extremely sensitive 
to oxygen. On the other hand, in many reactions catalyzed by Pd–phosphine complexes, it is 
enough to apply precautions to avoid oxidation of the phosphine, and this can be done easily. 
Of course, Pd is a noble metal and expensive, but it is much less expensive than Rh, Pt, and 
Os. Also, the toxicity of Pd has posed no problem so far. The fact that a number of industrial 
processes (more than the at least) based on Pd-catalyzed reactions has been developed and are 
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operated reflects these advantages of using Pd catalysts commercially.1 
 
Stoichiometric and Catalytic η3-Allylpalladium Chemistry 
 
In 1965 Prof. Jiro Tsuji discovered that η3-allylpalladium chloride reacted with a soft carbon 
nucleophile such as malonate and acetoacetate in dimethyl sulfoxide (DMSO) as a coordinating 
solvent, and facile carbon–carbon bond formation took place.2 The reaction constitutes the basis 
of both stoichiometric and catalytic η3-allylpalladium chemistry. Depending on the way in 
which η3-allylpalladium complexes are prepared, the reaction becomes stoichiometric or cata-
lytic. Prepared of the η3-allylpalladium complexes by the oxidative addition of Pd(0) to various 
allylic compounds (esters, carbonates etc.), and their reactions with nucleophiles, are catalytic, 
because Pd(0) is regenerated after the reaction with the nucleophile, and reacts again with allylic 
compounds. These catalytic reactions are treated in Chapter 2 and 3. The subsequent reaction 
with the nucleophile forms Pd(0). The whole process consumes Pd(II), and ends as a stoichi-
ometric process, because the in situ reoxidation of Pd(0) is hardly attainable. The author also 
studied these stoichiometric reactions especially for clarification of the reaction mechanisms 
using the η3-allylpalladium intermediates. 
 
Reaction Patterns and Various Allylic Compounds Used for Catalytic Reactions 
 
Application of η3-allylpalladium chemistry to organic synthesis has made remarkable 
progress.3η3-Allylpalladium complexes react with soft carbon nucleophiles such as malonates, 
β-keto esters, and enamines in DMSO to form carbon–carbon bonds.4 The characteristic feature 
of this reaction is that whereas organometallic reagents are considered to be nucleophilic and 
react with electrophiles, typically carbonyl compounds, η3-allylpalladium complexes are elec-
trophilic and react with nucleophiles such as active methylene compounds, and Pd(0) is formed 
the reaction. 
 
Pd
Cl
+ NaCH(CO2Me)2
DMSO
CO2Me
CO2Me
+ Pd(0) + NaCl
 
When the η3-allylpalladium complexes are formed by the reaction of alkenes with PdCl2 and 
react with nucleophiles, the whole reaction constitutes the stoichiometric functionalization of 
alkenes.5 
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In addition, a catalytic version of η3-allylpalladium chemistry has been developed.6 Forma-
tion of the η3-allylpalladium complexes by the oxidative addition of various allylic compounds 
to Pd(0) and subsequent reaction of the complex with soft carbon nucleophiles are the basis of 
catalytic allylation. After the reaction, Pd(0) is reformed, and undergoes oxidative addition to 
the allylic compounds again, making the reaction catalytic. In addition to the soft carbon nuc-
leophiles, hard carbon nucleophiles of organometallic compounds of main group metals are al-
lylated with η3-allylpalladium complexes. The reaction proceeds via transmetallation.  
In addition to the catalytic allylation of carbon nucleophiles, several other catalytic trans-
formations of allylic compounds are known as illustrated. Sometimes these reactions are com-
petitive with each other, and the chemoselectivity depends on reactants and reaction conditions. 
Pd
X
Oxidative Addition+ Pd(0)
X
R
R
X
R
η3-Allylpalladium
Intermediate
Nu
R + Pd(0) + HX
Pd
R'
R R'
R + Pd(0) + MX
CONu
R + Pd(0) + HX
R + Pd(0) + HX+ R
R + Pd(0) + HX
NuH
Nucleophilic Reaction
M-R'
Transmetalallation
CO, NuH
Carbonylation
A-H
Hydrogenolysis
Elimination
Intramolecular reactions with alkene and alkynes
H
H
Pd
X
Nu=Nucleophile
Oxidative
AdditionR X + Pd(0)
R NuH R Nu + Pd(0)
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Mainly allylic esters are used as the substrates for the catalytic reactions. In addition, 
the allylic compounds shown are known to react with Pd(0) to form η3-allylpalladium 
complexes. Even allylic nitro compounds7 and sulfones8 are used for the allylation. The 
reactivity of these allylic compounds is very different. 
Allylic acetates are widely used. The oxidative addition of allylic acetates to Pd(0) is re-
versible, and their reaction must be carried out in the presence of bases. Tsuji and Shimizu 
achieved an important improvement in η3-allylpalladium chemistry by the introduction of allyl-
ic carbonates. Carbonates are highly reactive. More importantly, their reactions can be carried 
out under neutral conditions.9 Also reactions of allylic carbonates,10 allyl aryl ethers,11 and vinyl 
epoxides12 proceed under neutral conditions without addition of bases. 
 
OAc OCO2R OCONHR OPh
OH OP(O)(OR)2 Cl NO2 SO2R
NR2
O
EWG
EWG
Acetate Carbonate Carbamate Oxirane Phenyl ether
Alcohol Phosphate Chloride Nitro Sulfone
Amine and
ammonium salts Vinylcyclopropane  
 
Stereoselectivity of η3-Allylpalladium Chemistry 
 
The stereochemistry of the Pd-catalyzed allylation of nucleophiles has been studied exten-
sively.13 In the first step, η3-allylpalladium complex formation by the attack of Pd(0) on an al-
lylic moiety part proceeds by inversion (anti attack). Then subsequent reaction of soft carbon 
nucleophile, N- and O- nucleophiles proceeds by inversion. Thus overall retention is observed. 
On the other hand, the reaction of hard carbon nucleophiles of organometallic compounds 
proceeds via transmetallation by retention, and reductive elimination affords the final products. 
Thus the overall inversion is observed in this case.14 When chiral ligands were used instead of 
achiral ligands, the enantioselectivity can be controlled (Kagan, Bosnich, Hayashi, Helmchen, 
and Pfaltz). 
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Preparation of η3-Allylpalladium Complexes from Alkenes and Their Reactions with Carbon 
Nucleophile. 
 
η3-Allylpalladium complexes are prepared by the reaction of alkenes with PdCl2 under basic 
conditions. Efficient complex formation takes place in DMF in the presence of bases.15 Efficient 
complex formation takes place in AcOH in the presence of CuCl2 and sodium acetate. It is well 
known the η3-allylpalladium complexes react with soft carbon nucleophiles.16 Combination of 
these two reactions permits the allylic alkylation of alkenes with carbon nucleophiles via 
η3-allylpalladium complexes as a stoichiometric reaction. This reaction offers a method for the 
oxidative functionalization of alkenes. The reaction of η3-allylpalladium complexes prepared 
from alkenes has been applied to the syntheses of a number of natural products.17 Functionaliza-
tion of pinene was carried out by the reaction of the η3-allylpalladium derived from pinene with 
a phenylsulfinyl group, followed by oxidative elimination of the phenylsulfinyl group to give 
the pinene derivative.18 In the synthesis of vitamin A, the η3-allylpalladium complex was pre-
pared using CuCl2 from prenyl acetate without attacking the allylic acetate moiety.19 The reac-
tion of the carbon nucleophile is carried out in DMSO in the presence of an excess of PPh3. 
Functionalizations of geranylacetone and carbon chain extension of farnesoate via regioselective 
formation of the η3-allylpalladium complex to give geranylgeraniol using methyl 
4-methyl-2-pheylsulfonyl-3-pentenoate as a nucleophile are other example.20 
 
The Scope of This Thesis 
 
As described above the palladium catalyzed chemistry has been developed rapidly and a va-
riety of reactions are applied to organic synthesis. The author paid an attention of the palla-
dium-catalyzed stereoselective reactions.  
Pd
OAc
R
OAc
R
Nu
R
R'
Inversion Inversion
Retension
R
R
Pd
R'
MR'
Pd(0) Nu-
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There are several allylic compounds to afford symmetrical η3-allylpalladium intermediates. 
Oxidative addition of these allylic compounds by Pd(0) species takes place to form the sin-
gleη3-allylpalladium intermediates from both enantiomers. Mainly, 1,3-diphenyl allylic com-
pound has been used as a substrate for this type of reaction. It is known that this allylic com-
pound affords the high yield and enantioselectivity. This compound has a drawback as below. 
This enables the allylic alkylation, however elimination is impossible. To investigate palla-
dium-catalyzed enantioselectivity elimination, it is needed to design and prepare the other allyl-
ic compounds. To the best of the author’s knowledge, there is no investigation of enantioselec-
tive allylic alkylation and elimination using the same allylic compound in η3-allylpalladium 
chemistry. The author believes that the studies as above gain insight into organopalladium che-
mistry to appreciate compatiblely. To realize this concept, the author designed allylic compound 
1a. This substrate is able to form a symmetrical η3-allylpalladium intermediate I as well as 
1,3-diphenyl allylic compound. In addition, elimination takes place as well as allylic alkylation. 
This compound 1a has an angular methyl function. This feature enables enantioselective elimi-
nation because the product has a chiral center. Furthermore, the enantiomeric excesses of the 
final products were observed as the enantioselectivity of both allylic alkylation and elimination. 
In chapter 2, the author examined enantioselective reactions, especially allylic alkylation and 
elimination. The origin of selectivity was discussed by X ray structural analysis. 
However, allylic compound as 1b is unable to form the same η3-allylpalladium intermediate 
I from each enantiomer. In Chapter 2, the author studied the influence of the stereochemistry of 
chiral ligands on the chiral substrate to obtain several interesting results. In the presence of nuc-
leophile, reactions of a steroidal allylic compound as a chiral substrate using a palladium cata-
X X
Pd(0)
+
Pd
X
Nu
Nu-
Ph Ph Ph Ph
XX
Ph Ph
Pd
X
-HX
Ph Ph
NuPd(0)
+
Nu-
-HX Not Elimination
Symmetrical η3-allylpalladium
(S,S)-1a (R,R)-1a
2a
3
I
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lyst and a chiral ligand were occurred. The substrate was converted to the different product by 
the stereochemistry of the added chiral ligands. The difference of stereochemistry has a main 
pathway controlled. This result was applied to a racemic substrate to develop a novel kinetic 
resolution. The author named this reaction the enantiodistinctive reaction. A kinetic resolution is 
a method to obtain optically pure products from a racemic substrate. The kinetic resolution by 
enzyme is very famous in organic chemistry. Organometallic reactions using chiral ligands also 
enable this reaction. Both reactions proceed on the same concept that one enantiomer is reacted 
and another is recovered as a starting material. Kinetic resolutions have drawback such that it is 
difficult to evaluate the reaction complete. Although the enantiodistinctive reaction is similar to 
kinetic resolutions, a starting material is converted completely. It is considered that this reaction 
enables to be a useful method to solve a problem like this. In the course of the enantiodistinctive 
reaction, a unique palladium chloride dimer could be obtained. The reactivity of this palladium 
complex with a nucleophile is described in Chapter 4. The added ligands are found to have a 
great influence on the stereochemistry. It is the reason why the reaction mixture includes excess 
of palladium species. The influence like this is hardly observed in catalytic reaction. From these 
observations, it is considered that reactions of complex do not always reflect catalytic reactions.  
In the course of the studies various synthetic methods have been developed and furthermore 
several novel observations have been found. This thesis deals with the results of the study and 
discussion of the palladium chemistry.  
  
Pd
X
Pd
X
Pd(0)
Unsymmetrical η3-allylpalladium
X
Pd(0)
X
(S,S)-1b (R,R)-1b
II
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Chapter 2 
 
Palladium-catalyzed Enantioselective Reactions of 
Bicyclic Allylic Ester 
11 
 
 
 
2.1 Introduction 
 
Asymmetric allylic alkylation catalyzed by palladium complexes bearing chiral ligands is 
useful synthetic method. The direction of nucleophilic attack caused by the desymmetrization of 
allylic moiety by the coordination of chiral ligands is explained.1 Although numerous studies of 
the palladium-catalyzed allylic alkylation have appeared, enantioselective elimination from al-
lylic compounds to optically active 1,3-dienes has scarcely been explored.2  
In enantioselective allylic alkylation using palladium catalysts, 1,3-Diphenyl compounds as 
the allylic esters have been used widely. As a character of these compounds, the palla-
dium-catalyzed allylation proceeds smoothly. However, elimination of these compounds does 
not be occurred. When the enantioselective elimination is examined, the other allylic com-
pounds have to be designed. Furthermore, several allylic compounds, i.e. 6-membered cyclic 
allylic ester, have been prepared for enantioselective elimination. The palladium-catalyzed eli-
mination have been investigated using the different allylic compounds when palla-
dium-catalyzed alkylation. Generally, in the palladium-catalyzed reaction, elimination was rec-
ognized to take place competitively while the other reactions, i.e. nucleophilic reaction, carbo-
nylation, and transmetallation. Although enantioselective alkylation and elimination have been 
studied as above, these two reactions using the same allylic compounds have not been reported. 
The author designed the allylic compound of which both allylation and elimination by palla-
dium catalysts can be occurred at the same time and investigated the enantioselectivity in both 
reactions. 
At last, to clarify the carbon positions, the author assigned the carbon atom numbering for 
the bicyclic and steroidal structure as illustrated in Fig. 2.1. 
 
1
2
3
4 5
64a
7
8
8a
 
 
  
Figure 2.1. Carbon atom numbering for the bicyclic structure. 
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2.2 The Synthesis of Bicyclic Allylic Ester 
 
To study enantioselective allylic alkylation and elimination, we planned to synthesize allylic 
ester 1a. The allylic acetate 1a was prepared as shown in Scheme 2.1. The racemic bicyclic al-
lylic acetate was obtained from the 2-octalone 4 in 7 steps. At first, methyl vinyl ketone (MVK) 
and 2-methylcyclohexanone were transferred to racemic 2-octalone 4 in the presence of catalyt-
ic amounts of conc. H2SO4 by Robinson anulation in 40% yield. After epoxidation of 2-octalone 
4 with 30%, H2O2 aq. and 6N NaOH aq., the treatment of the corresponding epoxide 5 and KOH 
in MeOH solution afforded enone 6 in 45% yield.3 The enone 6 was reduced with LiAlH4 selec-
tively, and then the treatment of the resulting alcohol 7 with HClO4 gave the enone 8 in 69% 
yield. After epoxidation of 8 (30% H2O2 aq., MeOH), Wharton reaction of the oxirane 9 with aq. 
hydrazine took place to give the allylic alcohol 10. At last, acetylation of the allylic alcohol 10 
afforded the bicyclic allylic acetate 1a in 53% yield for 3 steps from the enone 8. 
 
O O O O O
+
O
OMe
HO
OMe
H2O2 aq.
O O
O
OH
OAc
H2NNH2.H2O
KOH, MeOH LiAlH4 HClO4
Ac2O
conc. H2SO4 H2O2 aq.
4, 40% 5, 75%
6, 45% 7, 41%
8, 69%
1a, 53% from 8
9 10
 
 
  
Scheme 2.1. Synthesis of the bicyclic allylic ester 1a. 
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2.3 Enantioselective Allylic Alkylation 
 
In this section, the author discuss about the enantioselective allylic alkylation of allylic ace-
tate 1a with palladium catalyst. The enantioselective allylic alkylation using 1,3-diphenyl allylic 
compounds have been reported widely. Particularly in enormous reports, the development of the 
analogues of the Helmchen type ligand has been focused. Using these N-P ligands the high 
enantioselectivity was archived in the palladium-catalyzed allylic alkylation. Furthermore the 
origin of the enantioselectivity is found that the trans effects of nitrogen and phosphorus atom 
including the ligand are different. The nucleophile attacks to the carbon atom in the trans posi-
tion of the phosphorus atom predominantly. As above, allylic alkylation using N,P ligands has 
been studied in detail. However, the palladium-catalyzed alkylation using phosphine ligands as 
BINAP has been hardly reported. The author was interested in the effects of phosphine ligand in 
the enantioselectivity of allylic alkylation using palladium catalysts and compared N,P ligands 
as Helmchen type ligands with a phosphine ligand as p-Tol BINAP. In addition, the author clari-
fied the origin of the enantioselectivity using phosphine ligand. 
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2.3.1 Catalytic Allylic Alkylation of Allylic Acetate 1a with Malonate anion 
 
Enantioselective allylic alkylation of the racemic allylic acetate 1a was studied in the pres-
ence of palladium catalyst. In the presence of [1-Me-allyl]PdCl]2 (2.5 mol %) as a palladium 
catalyst, the bicyclic allylic acetate 1a was reacted with sodium dimethyl malonate (5 equiv.) 
prepared from sodium hydride (5 equiv.) and dimethyl malonate (7.5 equiv.) at 60 oC for 18 h 
and the effects of chiral ligands toward enantioselectivity were examined. These results were 
summarized in Table 2.1. In the case of each ligand, the product 2a was obtained in high yield 
with high enantioselectivity. 
 
 
[(1-Me-allyl)PdCl]2 (2.5 mol %)
Ligand (10 mol %)
DMSO, 60 oC
OAc Nu
+ NaCH(CO2Me)2
±
(  )-1a (R,R)-2a  
PPh2
O
N PPh2
O
N
OTBS
(S)-PHOX (R)-TBSO-PHOX  
 
  
Entry Ligand Yield /%a ee /%b 
1 (S)-PHOX 94 88 
2 (R)-TBSO-PHOX 89 82 
3 (R)-p-Tol-BINAP 89 79 
aIsolated yield. bEnantiomeric excess was determined by GLC using a chiral column. 
Table 2.1. Catalytic enantioselective allylic alkylation of allylic acetate 1a. 
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2.3.2 Determination of Absolute Stereochemistry of Allylated Product 2a 
 
The absolute stereochemistry of the final product 2a was determined as follows. At first, the 
standard optically active enone 12 was prepared from the optically active (R)-2-octalone 4 (the 
Route A in Scheme 2.2). In the Route B 2a was oxidized to afford 12. The absolute configura-
tion and optical rotation of 2a obtained by the catalytic reaction were determined after conver-
sion to 12 by comparison of the absolute stereochemistry and the rotation. 
After the formation of the η3-allylpalladium chloride dimer with optically active 
(R)-2-octalone 4 and Na2Pd2Cl4 (THF, reflux, 15%), the palladium complex 11 was allylated 
with sodium dimethyl malonate to give the allylation product 12 in quantativity. The optical ro-
tation of 12 prepared by the methods of route A was -136o (c 1.1, CHCl3). Furthermore, that of 
12 oxidized of 2a (Route B) was -109o (c 1.0, CHCl3). The optical rotation of the allylation 
product 12 prepared by route A was in accordance with that of the oxidized product 12 (Route 
B). As above, absolute stereochemistry of 2a was determined.  
 
Pd
Cl 2
O
O
O
CO2MeMeO2C
(R)-4
11,15% 12, Quant.
[α]D -136 (c 1.1, CHCl3)
Route A
NaCH(CO2Me)2Na2Pd2Cl4
O
CO2MeMeO2C
12, 44%
[α]D -109 (c 1.0, CHCl3)
CO2MeMeO2C
(R,R)-2a
PCC
Route B
 
 
  
Scheme 2.2. Determination of the absolute stereochemistry of 2a. 
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2.3.3 Synthesis of Palladium Complexes on the Enantioselective Allylic Alkylation 
 
To clarify the origin of the enantioselectivity in this allylic alkylation, the bicyclic 
η3-allylpalladium complexes 16 were prepared as shown in Scheme 2.3. After the carbonyl 
function of 2-octalone 4 was reduced by LiAH4 (Et2O, 0 oC, 62%) to yield the corresponding 
allylic alcohol 13, the alcohol function was acetylated to afford the allylic acetate 1b in 84% 
yield. The 4a-methyl octahydronaphtalene 14 was obtained by Birch reduction with lithium 
drops in 51% yield. η3-Allylpalladium chloride dimer 15 was obtained as a yellow solid by the 
methods of Jones and Knox (PdCl2(PhCN)2, CHCl3, reflux, 23%).4 Four isomers were formed 
by their method. However, the desired isomer 15 was separated as a single isomer washing with 
CCl4. The conformation of this isomer was determined by X ray structural analysis (Fig. 2.2). 
The treatment of the complex 15 with the ligands (Dppp, (R)-p-Tol BINAP, (S)-PHOX and 
(R)-TBSO-PHOX) afforded η3-allylpalladium 16a-d with ligands (73% for 16a, 80% for 16b, 
88% for 16c, 78% for 16d), respectively, after recrystallization from a mixture of hex-
ane-CH2Cl2.  
 
Pd
Cl 2
Pd
LL
PF6
O HO AcO
LIAlH4 Ac2O, Py Li, EtNH2
PdCl2(PhCN)2 Ligand, AgPF6
4 13, 62% 1b, 84%
14, 51%
15, 23% 16a: LL = Dppp, 73%
16b: LL = (R)-p-Tol BINAP, 80%
16c: LL = (S)-PHOX, 88%
16d: LL = (R)-TBSO-PHOS, 78%
PPh2
O
N PPh2
O
N
OTBS
(S)-PHOX (R)-TBSO-PHOX
 
  
Scheme 2.3. Syntheses of [Pd(η3-C11H17)(ligand)]PF6. 
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Table 2.2. Selected interatomic distance (Å) and angles (deg) with esd’s in parentheses for 
complex 15. 
Bond distances 
Pd(1)-Cl(2) 2.429(2) Pd(1)-C(4) 2.128(7) 
Pd(1)-C(2) 2.171(7) C(2)-C(3) 1.44(1) 
Pd(1)-C(3) 2.132(7) C(3)-C(4) 1.41(1) 
Bond angles 
C(2)-Pd(1)-Cl(2) 170.8(2) Pd(1)-C(2)-C(3) 69.0(4) 
C(3)-Pd(1)-Cl(2) 133.7(2) Pd(1)-C(4)-C(3) 70.9(4) 
C(4)-Pd(1)-Cl(2) 102.6(2) Pd(1)-C(2)-C(1) 121.4(5) 
C(2)-Pd(1)-C(4) 68.3(3) Pd(1)-C(4)-C(5) 120.0(5) 
Dihedral angles 
Pd(1)-C(2)-C(1)-H(6) +152.8(8) Pd(1)-C(4)-C(5)-H(16) -163.5(8)) 
Pd(1)-C(2)-C(1)-H(7) +34.5(1) Pd(1)-C(4)-C(5)-H(17) -45.3(1) 
 
  
Figure 2.2. ORTEP drawing of [Pd(η3-C11H17)Cl]2 complex 15. 
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2.3.4 Allylic Alkylation of η3-Allylpalladium Complexes with Chiral Ligands 
 
The allylic alkylation of η3-allylpalladium 16b-d with various ligands was studied as a stoi-
chiometric reaction. Reaction of Pd complexes 16b-d with sodium dimethyl malonate prepared 
from dimethyl malonate and NaH at room temperature was occurred as shown in Table 2.3. The 
allylic alkylation of these Pd complexes 16b-d afford (R,R)-2a in the considerable high yield 
with the high enantioselectivity. In addition, stoichiometric reactions from Pd complexes 16b-d 
gave a similar enantioselectivity as a catalytic reaction. 
From the results of stoichiometric reaction, it is assumed that the allylic alkylation was oc-
curred via η3-allylpalladium intermediates similar to Pd complexes 16b-d in catalytic reaction, 
respectively. 
 
DMSO, r.t.
Nu
Pd+
LL
PF6-
+ NaCH(CO2Me)2
16 (R,R)-2a  
PPh2
O
N PPh2
O
N
OTBS
(S)-PHOX (R)-TBSO-PHOX  
  
Entry Ligand Yield /%a ee /%b 
1 (R)-p-Tol-BINAP 67 75 
2 (S)-PHOX 91 94 
3 (R)-TBSO-PHOX 91 75 
aIsolated yield. bEnantiomeric excess was determined by GLC using a chiral column. 
Table 2.3. Stoichiometric allylic alkylation of the Pd complexes 16. 
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2.3.5 Structural Characterization of Bicyclic η3-Allylpalladium Complexes Having 
Various Ligands 
 
The structural character of bicyclic η3-allylpalladium with various ligands was observed by 
1H NMR and X-ray crystallography. 
 
NMR Observations. 
The selected 1H and 31P NMR data of complexes 16a and 16b was summarized in Table 2.4. 
Each allylic proton of the η3-allyl complex 16b appeared at 4.77 and 3.64 ppm respectively, 
whereas those of 16a appeared at 4.17 ppm in the 1H NMR spectra. Furthermore, the two phos-
phorus nuclei in 16b appeared at 22.6 and 21.4 ppm in the 31P NMR spectrum. However, the 
two phosphorus nuclei in 16a were at 8.3 ppm in the 31P NMR spectrum. It is assumed that the 
NMR studies shows unsymmetrical feature of the allylic moiety in the complex 16b by the ef-
fects of chiral phosphine, although that of the complex 16a with achiral phosphine is Cs sym-
metrical structure. 
 
8.3 ppm
P P
Pd+
H H
TolTol
TolTol
*
Pd+
H H
Ph2P PPh2
4.17 ppm 4.77, 3.64 ppm
22.6, 21.4 ppm
16a 16b
 
Table. 2.4. Selected 1H and 31P NMR data in CDCl3 of 16a-b. 
Compounds (L) η3-CH=CCH P 
16a (Dppp) 4.17 8.3 
16b ((R)-p-Tol BINAP) 4.77, 3.64 22.6, 21.4 
 
X ray Observations. 
The conformations of the complexes 16b and 16d were determined by X-ray crystallography. 
The ORTEP drawings of the complexes are shown in Fig. 2.3 and 2.4. The unsymmetrical fea-
ture of complex 16b was also observed by the X-ray structural analysis as shown in Fig. 2.3. 
The X-ray data of complex 16b with (R)-p-Tol BINAP indicate that the six-membered cycle 
including C4 atom is twisted by the tolyl group of (R)-p-Tol BINAP. In addition, the lengths of 
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Pd(1)-C(2) and Pd(1)-C(4) are 2.26 and 2.20 Å. It is noteworthy each corresponding bond is 
characterized very similar. The dihedral angles of Pd(1)-C(2)-C(1)-H(18) and 
Pd(1)-C(4)-C(5)-H(28) are 19.6 and 73.1o, respectively. The dihedral angles of 
Pd(1)-C(2)-C(1)-H(19) and Pd(1)-C(4)-C(5)-H(29) are 138.8 and 167.9o, respectively. The latter 
indicates that hydrogen and palladium atom is located on almost anti periplanar position. 
It is found that the bicyclic moiety is desymmetrized by Tol BINAP with the NMR and 
X-ray analysis. 
 
 
 
 
In the case of (R)-TBSO-PHOX, it is observed that two six-membered rings are not twisted, 
however, the distances of Pd(1)-C(2) and Pd(1)-C(4) are different by the effect of 
(R)-TBSO-PHOX. The lengths of Pd(1)-C(2) and Pd(1)-C(4) are 2.29 and 2.10 Å. The distances 
of Pd(1)-C(2) is longer than that of Pd(1)-C(4) by the trans effects of nitrogen and phosphorous 
atoms. In short, Pd(1) bonds with C(4) more strongly than C(2). From X-ray data of 
[Pd(η3-C11H17)((R)-TBSO-PHOX)]PF6, it is found that Pd(1)-C(2) is almost π-bonding  and 
Pd(1)-C(4) is almost σ-bonding. 
  
Figure 2.3. ORTEP drawing of [Pd(η3-C11H17)((R)-p-Tol BINAP)]PF6 complex 16b. 
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Figure 2.4. ORTEP drawing of [Pd(η3-C11H17)((R)-TBSO-PHOX)]PF6 complex 16d.  
C(2)
C(3) C(4)
Pd(1)
N(1) 
P(1) 
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Table 2.5. Selected interatomic distance (Å) and angles (deg) with esd’s in parentheses for 
complex 16b and 16d. 
16b 16d 
Bond distances 
Pd(1)-C(2) 2.26(1) Pd(1)-C(2) 2.288(6) 
Pd(1)-C(3) 2.27(1) Pd(1)-C(3) 2.220(7) 
Pd(1)-C(4) 2.20(1) Pd(1)-C(4) 2.098(7) 
C(2)-C(3) 1.39(2) C(2)-C(3) 1.400(10) 
C(3)-C(4) 1.42(2) C(3)-C(4) 1.416(10) 
Pd(1)-P(1) 2.343(3) Pd(1)-P(1) 2.2875(19) 
Pd(1)-P(2) 2.321(3) Pd(1)-N(1) 2.115(5) 
Pd(1)-H(18) 3.38   
Pd(1)-H(19) 4.10   
Pd(1)-H(28) 3.53   
Pd(1)-H(29) 4.09   
Bond angles 
P(1)-Pd(1)-P(2) 94.0(1) P(1)-Pd(1)-N(1) 87.08(15) 
C(2)-Pd(1)-C(4) 65.5(5)   
C(2)-Pd(1)-C(3) 35.7(5)   
C(3)-Pd(1)-C(4) 37.1(5)   
P(1)-Pd(1)-C(2) 101.6(4)   
P(2)-Pd(1)-C(2) 158.4(4)   
P(1)-Pd(1)-C(4) 167.0(4)   
P(2)-Pd(1)-C(4) 98.1(4)   
Pd(1)-C(2)-C(1) 130.2(1)   
Pd(1)-C(4)-C(5) 124.1(1)   
Dihedral angles 
Pd(1)-C(2)-C(1)-H(18) -19.6(3)   
Pd(1)-C(2)-C(1)-H(19) +138.8(2)   
Pd(1)-C(4)-C(5)-H(28) -73.1(3)   
Pd(1)-C(4)-C(5)-H(29) +167.9(2)   
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2.3.4 Plausible Mechanism of Enantioselective Allylic Alkylation 
 
From these observations, the enantioselectivity in the allylic alkylation is explained as fol-
lows. When (R)-p-Tol BINAP was used as a ligand, the six-membered cycle including C(4) 
atom is twisted so that C(4) atom is rather protected from the nucleophilic attack than C(2) atom. 
This intermolecular interaction causes the distortion of the square-planar coordination plane. 
Such a conformational dissimilarity of two six-membered cycles on the π-moiety is considered 
the origin of (R) selectivity on the asymmetric allylic alkylation: C(2) atom is preferentially at-
tacked by a nucleophile. 
 
OAc NuP P
Pd+ TolTol
TolTol
Nu-
Pd(0), L
2
4
-Pd0Ln
(R)-Selectity
L=(R)-p-Tol BINAP
*
±
(  )-1a
 
 
In the case of the Helmchen type ligands ((S)-PHOX and (R)-TBSO-PHOX), two bond 
lengths (Pd(1)-C(2) and Pd(1)-C(4)) are different by the trans effects. Pd(1)-C(2) bond is weak-
er than Pd(1)-C(4) bond so that the nucleophile attacks to C(2) atom selectively. Such a dissi-
milarity of the Pd–C bond strength by the trans effects on the π-moiety is considered the origin 
of (R)-selectivity. 
 
±
(  )-1a
OAc Nu
Nu-
Pd(0), L
2
4
-Pd0Ln
(R)-Selectity
N P
Pd+
*
L=(S)-PHOX, (R)-TBSO-PHOX
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2.4 Enantioselective Elimination 
 
Although numerous studies of the palladium-catalyzed allylic alkylation have appeared, 
enantioselective elimination from allylic compounds to optically active 1,3-dienes has scarcely 
been explored.2 Several years ago, Matsumoto in this laboratory found that reaction of the bi-
cyclic trans allylic carbonate in the presence of catalytic amounts of [(1-Me-allyl)PdCl]2 and 
(R)-BINAP gave the bicyclic diene (S)-3 with 78% ee (Scheme 2.4).5  
The author carried the catalytic reaction using 1b under similar conditions as above to give 
the same (S) isomer 2 in 58% ee. The same stereochemical outcome from the opposite configu-
ration of starting allylic substrates suggests that equilibration of η3-allylpalladium intermediate 
proceeded prior to the elimination as shown in Scheme 2.4. In order to elucidate the interme-
diate of the enantioselective elimination reactions, [Pd(η3-C11H17)((R)-p-Tol BINAP)]PF6 com-
plex 16b was prepared, and decomposition reaction of 16b was investigated to gain insight into 
precise mechanisms of the elimination reactions in this Section. 
 
±
(  )-1ab
[(1-Me-allyl)PdCl]2
(R)-BINAP
Et3N (5 mol %)
1,4-Dioxane
100 oC, 2 h
OCO2Me
(S)-3
PdLn
±
(  )-1a
[(1-Me-allyl)PdCl]2
(R)-p-Tol BINAP
Et3N (1 equiv.)
1,4-Dioxane
100 oC, 22 h
OAc PdLn
61%, 78% ee from 1ab
45%, 58% ee from 1a
 
 
  
Scheme 2.4. Palladium-catalyzed enantiodistinctive elimination of bicyclic allylic compounds 
1a and 1ab. 
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2.4.1 Catalytic Reaction on Elimination 
 
We carried out the elimination of (±)-1a using 1:4 [(1-Me-allyl)PdCl]2:(R)-p-Tol BINAP 
catalyst, and (S)-3 was obtained mainly in all cases (Table 2.6). The reaction was very slow 
without a base, however, high enantioselectivity was obtained (Entry 1; 89% ee). When the 
reaction was carried out adding K2CO3, the reaction proceeded smoothly, however, the enanti-
oselectivity decreased (31% ee, 77% yield). When Et3N was used instead of K2CO3, the yield of 
3 decreased, but the enantioselectivity increased (58% ee, 48% yield). Furthermore when LiCl 
was added, the reaction proceeded smoothly to give (S)-3 with high enantioselectivity (78% ee, 
91% yield).6 It is noteworthy that the (S) isomer formed as a major product in each catalytic 
reaction of 1a, evenwhen Et3N was used. 
 
±
(  )-1a
[(1-Me-allyl)PdCl]2 (2.5 mol %)
(R)-p-Tol BINAP (10 mol %)
Base, 1,4-Dioxane, 100 oC
OAc (S)-3
 
Entry Base Time /h Yield /%a % eeb 
1  6 27 89 
2 K2CO3 4 77 31 
3 Et3N 22 48 58 
4c Et3N 4 91 78 
aIsolated yield. bEnantiomeric excess was determined by GLC using a chiral column. cAn 
equivalent of LiCl was added. 
 
Although the halide effect was investigated and reported in palladium-catalyzed allylic al-
kylation, it is hardly clear in elimination. From the results, it was assumed in Scheme 2.6. After 
oxidative addition of 1a by Pd(0) species, η3-allylpalladium intermediate is formed. Then, chlo-
ride anion coordinates with palladium atom. π-Intermediate converts to σ-intermediate easily 
and elimination proceeds to give diene smoothly. 
  
Table 2.6. Catalytic asymmetric elimination of the allylic acetate 1a. 
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X Pd
+
L L
Pd
Cl
H
L
L
Pd
L Cl
L
H
Cl-Pd(0)
L
π σ1a 3
-PdH
 
 
  
Scheme 2.6. Proposed role of the halide ion in elimination and decomposition  
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2.4.2 Determination of Absolute Stereochemistry of 1,3-Conjugated Diene 3 
 
The absolute stereochemistry of diene 3 was determined as follows (Scheme 2.7). After re-
duction of the optically active (R)-4 by LiAlH4, elimination of the allylic alcohol (MsCl, Py) 
afforded to diene 3. The optical rotation of this diene 3 was compared with the product afforded 
by the palladium-catalyzed elimination to determine the absolute stereochemistry. 
 
O HO
MsCl, PyLiAlH4
(R)-(+)-4
[α]20D +206 (c 1.0, EtOH)
(+)-13
[α]18D +91 (c 0.72, CHCl3)
(S)-(−)-3
[α]18D -264 (c 0.93, CHCl3)  
 
  
Scheme 2.7. Determination of the absolute stereochemistry of diene 3. 
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2.4.3 Decomposition Reaction of Bicyclic η3-Allylpalladium Complexes with p-Tol 
BINAP 
 
The decomposition of 16b was carried out under various conditions. As shown in Table 2.7, 
the enantioselection and enantioselectivity were dependent on the reaction conditions. The 
thermal decomposition of 16b at 100 oC in 1,4-dioxane without a base and an additive gave the 
(S)-diene 3 in 79% yield with low enantioselectivity (18% ee). When LiCl was added, the eli-
mination proceeded with high enantioselectivity to give (S)-3 (70% ee, 85% yield). Interestingly 
when one equivalent of Et3N was added, the opposite enantiomer (R)-3 was obtained but low 
enantioselectivity (8% ee). Furthermore, when excess Et3N (10 equiv.) was used; the decompo-
sition proceeded smoothly to give (R)-3 with considerable enantioselectivity (58% ee, 92% 
yield). Although 16b was one of plausible intermediates from 1a, the stereochemical results of 
the decomposition of 16b using Et3N were not in accordance with the enantioselection for (S)-3 
in the catalytic reaction starting with 16b. In addition, it is noteworthy that the (S) isomer 
formed as a major product in each catalytic reaction of 1a, evenwhen Et3N was used, whereas 
(R)-3 was obtained in the decomposition of 16b (Entry 4 in Table 2.4). 
 
 
Pd
LL
PF6
Base
Additive
1,4-Dioxane, 100 oC
+
16b
(S)-3 (R)-3
 
Entry Base /equiv. 
Additive 
/equiv. 
Time /h Yield /%a % eeb 
1   4 79 18 (S)  
2  LiCl (10) 0.4 85 70 (S)  
3 Et3N (1)  6 76 8 (R)  
4 Et3N (10)  1 92 58 (R)  
5 Et3N (10) LiCl (10) 18 58 8 (S)  
aIsolated yield. bEnantiomeric excess was determined by GLC using a chiral column. 
 
Table 2.7. Decomposition of the Pd complexes 16b. 
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2.4.4 Observation of Racemization of 1,3-Conjugated Diene 
 
It is assumed rationally that diene 3 was racemized by Pd–H species generated in elimina-
tion. Thus, addition of Pd–H to 3 gives η3-allylpalladium intermediate and elimination gives 3 
reversibly (Scheme 2.8).  
 
Pd
LL
(S)-3 (R)-3
-PdHLn
+PdHLn
-PdHLn
+PdHLn
 
 
The author confirmed the racemization of the diene 3. Reactions of (R)-3 were reacted with 
various hydride sources were carried out (Scheme 2.9). When palladium complex 16b was used 
as a hydride source, which was generated by the decomposition of 16b, enantiomeric excesses 
of 3 was decreased in 61% ee (eq. 1). In this case, stereochemistry of 3 was not converted to the 
opposite isomer. Furthermore the racemization of the diene 3 with the chiral GLC analysis un-
der various conditions was observed. These results are shown in Fig. 2.5. The enantiomeric 
excess of the diene 3 decreased under these conditions. The retention of the stereochemistry was 
not observed. One isomer was not converted to the opposite isomer in the presence of Tol BI-
NAP.  
 
(R)-3 (91% ee)
16b (10 mol%)
1,4-Dioxane, 100 oC, 9 h
(R)-3 (61% ee)
(eq. 1)
(R)-3 (94% ee)
Pd2(dba)3 (0.5 equiv.)
PPh3 (7 equiv.)
AcOH (1 equiv.)
1,4-Dioxane, 100 oC, 7 h
(R)-3 (92% ee)
(eq. 2)
 
 
  
Scheme 2.9. Readdition of palladium hydride species to diene 3 
Scheme 2.8. Racemization of diene 3 
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2.4.5 Preparation of Deuterium-Labeled Bicyclic η3-Allylpalladium Complexes 
with p-Tol BINAP 
 
In order to elicit direct evidence for the involvement whether syn or anti elimination of 
Pd–H occurs from the η3-allylpalladium intermediates, the author prepared the deuterium la-
beled η3-allylpalladium complexes with p-Tol BINAP. 
It was the most important that one of four enantiotopic hydrogen atoms of 4a-methyl octa-
hydronaphthalene was labeled by the deuterium selectively. The convergent approach to two 
octalins labeled by the deuterium atom synthesis is shown in Fig. 2.6. As shown, C(2) was la-
beled by a deuterium selectively using optically active octalone. In addition, 14a was obtained 
by palladium catalyzed reaction of allylic ester with a hydride source. Furthermore, 14b atom 
was derived from the allylic alcohol by reduction with LiAlD4. 
O
OH
D
OR
D
D
Pd Cat.
NaBD4
LiAlD4
Optically Active
14a: 2α-d-14
14b: 2β-d-14  
 
The synthesis of deuterium-labeled octalins 14a and 14b is shown in Scheme 2.10. 
(R)-2-octalone 4 was prepared by following by d’Angelo et al.7 After reduction with 
LiAlH4, allylic alcohol was converted to allylic carbonate 17 in 87% yield. The 
2α-duterio-1-octalin 14a was obtained by reduction of allylic carbonate with Pd catalyst 
and NaBD4 in 64% yield. The 2β-duterio-1-octalin 14b was prepared following by the 
similar procedure. After reduction of (R)-octalone with LiAlD4 (THF, -78 oC, 70%), al-
lylic alcohol was converted to allylic carbonate 2α-d-17 in 92% yield. Reaction with a 
catalytic amount of Pd(OAc)2-(Octyl)3P and NaBH4 afford 14b in 75% yield. 
  
Figure 2.6. Retrosynthetic analysis of deuterium labeled octalines 14a and 14b. 
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14a, 64%
14b, 75%
O
OH
OH
D
OCO2Me
OCO2MeD
D
D
ClCO2Me
Py
Pd Cat.
NaBD4
ClCO2Me
Py
Pd Cat.
NaBH4
LiAlH4
LiAlD4
(R)-4
13, 47% 17, 87%
2α-d-13, 70% 2α-d-17, 92%
2
2
2
Pd Cat.: Pd(OAc)2 (5 mol %), (Octyl)3P (15 mol %)
 
The relative configuration was assigned by 300 MHz NMR spectra (300 MHz) based on the 
upfield signal of the vinylic proton Ha which appears as a broad doublet-doublet in the trans 
isomer 14a and as a broad signal in the cis isomer 14b (Fig. 2.7). Further support for structure 
14a was evident from the large vicinal Ha-D coupling constant (4.9 Hz). Furthermore, the dihe-
dral angle was calculated by Karplus formula and MM2. The value was 39o calculated by Kar-
plus formula, whereas that was 43o using MM2. These values were almost accordance to deter-
mine the conformations of 14a and 14b.  
  
Scheme 2.10. Preparation of deuterium-labeled octalines 14a and 14b. 
 33 
 
Chapter 2. Palladium-catalyzed Enantioselective Reactions of Bicyclic Allylic Ester 
 
 
 
The deuterium labeled η3-allylpalladium complexes with (R)- or (S)-p-Tol BINAP, 16ba-c, 
were prepared following the similar procedure in Scheme 2.3. The deuterium labeled Pd com-
plex 16ba-c with Tol BINAP was obtained from 14a-b in two steps, respectively (Scheme 2.11). 
 
Pd
Cl 2
Pd
LL
PF6
R
R1
R
R1
R
R1
PdCl2(PhCN)2 Ligand
14a: R=H, R1=D
14b: R=D, R1=H
15a: R=H, R1=D
15b: R=D, R1=H 16ba: R=H, R
1=D, LL=(R)-p-Tol BINAP
16bb: R=D, R1=H, LL=(R)-p-Tol BINAP
16bc: R=D, R1=H, LL=(S)-p-Tol BINAP
AgPF6 or KPF6
 
 
 
 
  
Scheme 2.11. Syntheses of deuterium-labeled palladium complexes 16ba-c.  
PPM
5.34 5.32 5.30 5.28 5.26 5.24
14a
D
14b
D
Figure 2.7. 1H NMR spectra (300 MHz vs. TMS) in CDCl3 of deuterium- labeled octalines
14a and 14b. 
4.9 Hz 14a 
14b 
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2.4.6 Decomposition Reaction of D-Labeled Bicyclic η3-Allylpalladium Complexes 
with p-Tol BINAP 
 
Decomposition of 16ba was carried out under similar conditions as shown in Table 2.8.8 The 
ratio of 3:3a was 10:48, which indicates that the syn H(D) to palladium atom was picked up 
preferentially. The elimination was also examined with 16bb, and the same syn:anti elimination 
ratio was observed.9 These results indicated that the isotope effects were considered to be very 
small, which is in accordance with small kinetic isotopic effects in β-hydride elimination.10 
Furthermore, when the reaction of 16bc was carried out with LiCl, syn elimination proceeded 
predominantly. In the reaction under conditions in Table 2.5, syn elimination is preferential from 
16b, although the catalytic reaction is known to proceed with anti elimination. 
 
Pd
LL
PF6
R
R1
Additive (10 equiv.)
1,4-Dioxane
100 oC
DR2
+
16ba-c
3  : R2=H
3a: R2=D
3b
 
Entry Substrate Additive Time /h Yield /%a 3/3a/3bb 
1 16ba Et3N 1 68 48:10:42 
2 16bb Et3N 1 60 10:48:42 
3 16bc LiCl 0.5 99 8:61:31 
aIsolated yield. bThe ratio of 3:3a:3b was calculated by 1H NMR spectra and GLC using a chiral 
column. 
 
  
Table 2.8. Decompositions of the Pd complexes 16ba-c. 
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2.4.7 Plausible Mechanism of Decomposition of Bicyclic η3-Allylpalladium Com-
plexes with p-Tol BINAP 
 
From these observations, the mechanism of decomposition was explained as follows. The 
palladium-catalyzed elimination reaction of 1a was carried out smoothly with Et3N and LiCl to 
give (S)-3 with high enantiomeric excess. Enantioselection in decomposition 
of η3-allylpalladium complexes 16b with Et3N was opposed to that without the base. When 
Et3N was used, palladium atom picked the hydrogen atom (H28) to decompose. In case of LiCl, 
coordinated by with chloride ion, decomposition was occurred as well as catalytic reaction. 
π-Intermediate converts to σ-intermediate presented in Scheme 2.126 and reaction proceeds to 
afford (S) diene selectively. External attack of chloride ion was also considered. C(2) atom was 
attacked by a nucleophile predominantly (Section 2.12). Chloride anion acted as a nucleophile 
to give allylic chloride as well as dimethyl malonate. It is supported that this compound was 
decomposed to give (S) diene enantioselectively. The decomposition of 16b took place in syn 
elimination pathway with or without a base. 
P P
Pd+
*
H18
H19
H18
H29
P P
Pd+
*
H28
H29
(R)-3
-PdHLn
syn
16b
Neutral Condition
Basic Condition
PP=(R)-p-Tol BINAP
Pd+
P P
Pd
Cl
P
P
Pd
P Cl
H18
Cl-
-Pd0Ln
π σ
P P
Pd+ TolTol
TolTol Cl
Cl-
-PdH
2
P
(S)-3
-HCl
syn
 
 
Scheme 2.12. Plausible mechanism of decomposition of 16b  
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2.5 Summary 
 
The palladium-catalyzed enantioselective reactions, allylic alkylation and elimination, of the 
bicyclic allylic acetate 1a were studied in this Chapter. In the both reaction, the high yield and 
enantioselectivity was archived with Tol BINAP or TBSO-PHOX as chiral ligands, respectively. 
In the allylic alkylation, the origin of the enantioselectivity was clarified by NMR analysis 
and X ray crystallography. The bicyclic structure is desymmetrized by chiral ligands to proceed 
enantioselectivity. One of the two cyclic rings is twisted by the steric effects of Tol BINAP and 
rather protected. Furthermore, nucleophile attacks to one of two reaction positions selectively. 
On the contrary, Helmchen type ligands as PHOX and TBSO-PHOX hardly effect to the bicyc-
lic structure. However, the distances of two Pd–C bonds different respectively by the trans ef-
fects of atoms including ligands. The trans effects cause the difference between two bond 
strengths. One of two bonds is π-bonding, while another is σ-bonding. The nucleophile attacks 
the carbon atom of π-bonding selectively. As above, the palladium-catalyzed allylic alkylation 
proceeds enantioselectivity. 
In the elimination, although the enantioselectivity was archived, it is found that it is differ-
ence catalytic reaction from stoichiometric reaction, decomposition. The catalytic reaction ob-
tained the same selectivity under each condition; however, the enantioselectivity of decomposi-
tion of the palladium complex 16b is difference under conditions. When Tol BINAP is 
(R)-isomer, decomposition proceeds (S)-selectively under neutral condition. On the contrary, 
(R)-diene was obtained selectively in the presence of bases. To clarify the elimination manner, 
syn or anti elimination, one of hydrogen atoms including 16b was labeled by a deuterium atom. 
As the results, it is found decomposition of 16b is independent on reaction conditions to pro-
ceed in syn elimination. 
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2.6 Experimental Section 
 
(±)-4,4a,5,6,7,8-hexahydro-4a-methylnaphthalen-2(3H)-one (4) 
O  
Methyl vinyl ketone (60.7 ml, 500 mmol) was added dropwise to a mixture of 
2-metylcyclohexanone (50.7 ml, 625 mmol) and concentrated H2SO4 (0.5 ml) at 0 oC. The mix-
ture was slowly warmed to reflux temperature and stirred for 24 h. The mixture was extracted 
with ether, and the organic layers were washed with the saturated NaHCO3 and brine, dried over 
MgSO4, filtered, and concentrated under reduced pressure. The crude reside was distilled under 
reduced pressure to give 2-octalone 4 (32.5 g, 40%) as a pile yellow oil. 
 
IR (cm-1): 2931, 2861, 1674, 1615, 1448, 1262, 1226, 858. 
1H NMR (300 MHz, CDCl3):δ 5.72 (s, 1H, COCH=C), 2.62-2.23 (m, 4H, CH2), 1.94-1.64 (m, 
6H, CH2), 1.47-1.30 (m, 2H, CH2), 1.24 (s, 3H, CCH3). 
13C NMR (75.6 MHz, CDCl3):δ 199.8, 170.7, 124.2, 41.6, 38.0, 36.0, 34.0, 32.8, 27.1, 22.1, 
21.8. 
 
(±)-Hexahydro-4a-methyl-1aH-naphtho[1-b]oxiren-2(3H)-one (5) 
O
O  
To a solution of 4 (23 g, 140 mmol) and 30% aqueous H2O2 (47.6 ml) in methanol (280 ml) was 
added dropwise 6N aqueous NaOH (11.6 ml) with stirring at 0 oC. The reaction mixture was 
stirred 3 h at room temperature and poured into water. The aqueous layer was extracted with 
ether. The combined extracts were washed with brine, dried over MgSO4, concentrated in vacuo. 
The residue was chromatographed on silica gel (5% ethyl acetate in hexane) to give epoxide 5 
(11.1g, 44%) as a colorless oil. 
 
IR (cm-1):2936, 2865, 1708, 1448, 1409. 
1H NMR (400 MHz, CDCl3):δ 2.98 (s, 1H, COCHO), 2.40-2.13 (m, 3H, CH2), 1.99-1.91 (m, 2H, 
CH2), 1.68-1.55 (m, 3H, CH2), 1.47-1.24 (m, 3H, CH2), 1.21(s, 3H, CCH3), 1.11-1.06(m, 1H, 
CH2).  
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13C NMR (100 MHz, CDCl3): δ 206.4, 69.3, 62.3, 35.0, 34.3, 33.1, 31.2, 30.3, 26.1, 22.4, 21.2. 
LRMS (FAB+) Calcd. for C11H17O2 [M+H]+: 181.1229. Found: 181.1. 
 
(±)-4,4a,5,6,7,8-Hexahydro-1-methoxy-4a-methylnaphthalen-2(3H)-one (6) 
O
OMe  
To a solution of potassium hydroxide (6.06 g, 108 mmol) in methanol (205 ml) was added 
dropwise 5 (11.1 g, 61.7 mmol). The reaction mixture was refluxed for 20 h. The mixture was 
concentrated in vacuo until most of methanol was removed. The resulting mixture was poured 
in water. The aqueous layer was extracted with ether. The combined extracts were washed with 
brine, dried over anhydrous magnesium sulfate, concentrated in vacuo. The residue was chro-
matographed on silica gel (10% ethyl acetate in hexane) to give methoxy enone 6 (4.17 g, 35%) 
as colorless oil. 
 
IR (cm-1): 2926, 1682, 1610, 1446. 
1H NMR (400 MHz, CDCl3):δ 3.59 (s, 3H, OCH3), 3.01 (dd, 3J = 4.4 Hz, 14.2 Hz, 1H, CH2), 
2.61-2.52 (m, 1H, CH2), 2.45-2.39 (m, 1H, CH2), 1.96-1.85 (m, 3H, CH2), 1.83-1.79 (dd, J = 4.6 
Hz, 14.2 Hz, 1H, CH2), 1.74-1.61(m, 4H, CH2), 1.41-1.28 (m, 2H, CH2), 1.24 (s, 3H, CCH3).  
13C NMR (100 MHz, CDCl3):δ 194.3, 154.0, 146.7, 60.2, 42.0, 37.3, 35.9, 34.4, 26.7, 23.7, 22.2, 
21.5. 
HRMS (FAB+) Calcd. for C12H19O2 [M+H]+: 195.1385. Found: 195.1388. 
 
(±)-cis-2,3,4,4a,5,6,7,8-Octahydro-1-methoxy-4a-methylnaphthalen-2-ol (7) 
HO
OMe  
To a solution of 6 (5.8 g, 30 mmol) in THF (50 ml) was added LiAlH4 (1.1 g, 30 mmol) por-
tionwise at 0 oC with stirring. The reaction mixture was stirring for 1 h at 0 oC. Then, H2O (1.1 
ml), 3N aqueous NaOH (1.1 ml) and H2O (3.3 ml) were added into the solution. The mixture 
was dried over MgSO4, filtered through celite, and concentrated under reduced pressure. The 
crude residue was purified by column chromatography on silica gel (10% ethyl acetate in hex-
anes) to give vinyl ether 7 (5.0 g, 86%) as colorless oil. 
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IR (cm-1): 3423, 2926, 2854, 1446, 1131, 1117, 1074, 1051, 1022. 
1H NMR (400 MHz, CDCl3):δ 4.33 (s, 1H, HOCH), 3.55 (s, 3H, OCH3), 2.70-2.65 (m, 1H, 
CH2), 2.30 (d, 3J = 2.8 Hz, 1H, CH2), 2.03-1.96 (m, 1H, CH2), 1.85-1.46 (m, 7H, CH2), 
1.30-1.13 (m, 3H, CH2), 1.11 (s, 3H, CCH3). 
13C NMR (100 MHz, CDCl3):δ 147.3, 129.3, 65.4, 59.0, 42.2, 36.3, 35.2, 27.9, 27.7, 24.0, 22.6, 
22.0. 
HRMS (FAB+) Calcd. for C12H20O2 [M+H]+: 196.1463. Found: 196.1458. 
 
(±)-3,4,4a,5,6,7-Hexahydro-4a-methylnaphthalen-1(2H)-one (8)  
O  
To a stirred solution of 7 (3.2 g, of 57 in CH2Cl2 (120 mL) was added 70% perchloric acid (0.1 
mL). The mixture stood at room temperature for 1 h, and a saturated solution of sodium bicar-
bonate was added until the solution was basic. The organic phase was separated and dried over 
anhydrous MgSO4. After removal of the solvents, the crude residue was purified by column 
chromatography on silica gel (2% ethyl acetate in hexanes) to afford enone 8 (1.85 g, 69%) as a 
yellow. 
 
IR (cm-1): 2933, 2870, 1685, 1633, 1265. 
1H NMR (400 MHz, CDCl3):δ 6.43 (t, 3J = 3.4 Hz, 1H, COC=CH), 2.58-2.52 (m, 1H, CH2), 
2.33-2.14 (m, 3H, CH2), 2.02-1.87 (m, 3H, CH2), 1.71-1.54 (m, 2H, CH2), 1.46-1.41 (m, 2H, 
CH2), 1.04 (s, 3H, CCH3), 1.07-0.91 (m, 1H, CH2). 
13C NMR (75.6 MHz, CDCl3):δ 202.8, 144.5, 133.2, 40.4, 38.9, 37.8, 35.6, 26.0, 25.5, 19.3, 
17.8. 
HRMS (FAB) Calcd. for C11H17O [M+H]+: 165.1279. Found: . 
 
(±)-cis-Octahydro-4aα-methylnaphtho[1-b]oxiren-8-one (9) 
O
O
 
To a solution of 8 (276 mg, 1.67 mmol) in methanol (27 ml) was added dropwise 6N aqueous 
NaOH (0.5 ml) and 30 % aqueous H2O2 (0.8 ml) with stirring at 0 oC. The reaction mixture was 
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stirred 3 h at room temperature and poured into water. The aqueous layer was extracted with 
ether. The combined extracts were washed with aqueous Na2S2O3 and brine, dried over anhydr-
ous MgSO4, concentrated in vacuo. The residue was chromatographed on silica gel (15% ethyl 
acetate in hexane) to give epoxide 9 (135 mg, 45%) as colorless oil. 
 
IR (cm-1): 2940, 1720, 1457, 1413, 1157, 1076, 937, 906, 835, 601. 
1H NMR (400 MHz, CDCl3):δ 3.09 (dd, J = 1.2, 3.7 Hz, 1H,CH2CHOC), 2.58 (m, 1H, CH2), 
2.40-2.29 (m, 1H, CH2), 2.11-2.02 (m, 1H, CH2), 2.02-1.94 (m, 2H, CH2), 1.93-1.82 (m, 2H, 
CH2), 1.61 (m, 1H, CH2), 1.48 (m, 2H, CH2), 1.38 (m, 1H, CH2), 1.25-1.17 (m, 1H, CH2), 1.08 
(s, 3H, CCH3). 
13C NMR (100 MHz, CDCl3):δ 207.7, 66.2, 60.8, 41.2, 36.3, 35.5, 34.7, 24.0, 23.5, 19.9, 16.2. 
HRMS (FAB+) Calcd. for C11H17O2 [M+H]+: 181.1229. Found: 181.1216. 
 
(±)-cis-2,3,4,4a,5,6,7,8-Octahydro-4a-methylnaphthalen-8-ol (10) 
OH  
A solution of the epoxide 9 (0.75 mmol) in hydrazine monohydrate (2.5 ml) was heated to ref-
lux for 1 h. Water was added and the mixture was extracted with ether. The combined extracts 
were washed with brine, dried over MgSO4, concentrated in vacuo. The residue was chromato-
graphed on silica gel (8% ethyl acetate in hexane) to give allylic alcohol 10 as a white solid. 
 
IR (cm-1): 3363, 2929, 1656, 1456, 1049, 1000, 973, 939, 887, 794. 
1H NMR (400 MHz, CDCl3):δ 5.59 (t, J = 3.5 Hz, 1H, HOCHC=CH), 4.19 (t, J = 2.8 Hz, 1H, 
HOCH), 2.03-1.98 (m, 2H, , CH2), 1.96-1.88 (m, 1H, CH2), 1.71-1.38 (m, 7H, CH2), 1.30 (m, 
1H, CH2), 1.26 (s, 3H, CCH3), 1.18 (m, 1H, CH2). 
13C NMR (100 MHz, CDCl3):δ 144.3, 126.0, 74.6, 41.8, 40.6, 34.0, 33.9, 26.8, 25.9, 18.6, 16.7. 
HRMS (EI) Calcd. for C11H18O [M+H]+: 166.1358. Found: 166.1365.  
Anal. Calcd. for C11H18O: C, 79.46; H, 10.91%. Found: C, 79.08; H, 10.95%. 
 
  
 41 
 
Chapter 2. Palladium-catalyzed Enantioselective Reactions of Bicyclic Allylic Ester 
(±)-cis-2,3,4,4a,5,6,7,8-Octahydro-4a-methylnaphthalen-8-yl acetate (1a) 
OAc  
Ac2O (1.1 ml, 12 mmol) was added to solution of 10 (4 mmol), pyridine (1.1 ml, 12 mmol), and 
4-DMAP (24 mg, 0.2 mmol) in CH2Cl2 (20 ml) at 0 oC. The reaction mixture was stirring for 20 
h at room temperature. The mixture was diluted with 1N HCl, extracted with CH2Cl2, and or-
ganic layers were washed with saturated NaHCO3 and brine, dried over MgSO4, filtered, and 
concentrated under reduced pressure. The crude residue was purified by column chromatogra-
phy on silica gel (4 % ethyl acetate in hexanes) to give allylic acetate 1a as a colorless oil. 
 
IR (cm-1): 2933, 1737, 1660, 1459, 1438, 1367, 1240, 1176. 
1H NMR (500 MHz, CDCl3):δ 5.73 (dd, J = 2.8, 4.4 Hz, 1H, CHC=CH), 5.27 (t, J = 3.1 Hz, 1H, 
(CO)OCHC), 2.04 (m, 1H, CH2), 2.01 (s, 3H, COCH3), 2.00 (d, J = 3.2 Hz, 1H, CH2), 1.94 (m, 
1H, CH2), 1.91 (d, J = 3.2 Hz, 1H, CH2), 1.64 (dq, J = 3.1, 6.3 Hz, 1H, CH2), 1.59 (d, J = 3.2 Hz, 
1H, CH2), 1.56 (t, J = 2.3 Hz, 1H, CH2), 1.48 (m, 3H, CH2), 1.27(m, 2H, CH2), 1.17(s, 3H, 
CCH3)  
13C NMR (125 MHz, CDCl3):δ 170.3, 139.6, 128.8, 76.4, 41.6, 40.6, 33.9, 32.1, 25.9, 25.8, 21.7, 
18.5, 17.3.  
HRMS (EI) Calcd. for C13H20O2 [M+H]+: 208.1463. Found: 208.1461. 
Anal. Calcd. for C13H20O2: C, 74.96; H, 9.68%. Found: C, 75.13, H, 9.75%. 
 
Dimethyl 2-((1R,4aS)-1,2,3,4,4a,5,6,7-octahydro-4a-methylnaphthalen-1-yl)malonate (2a) 
MeO2C CO2Me  
General. To a solution of (±)-1a (104 mg, 0.5 mmol), [(1-Me-C3H4)PdCl]2 (4.9 mg, 2.5 mol%) 
and (R)-p-Tol-BINAP (34 mg, 10 mol%) in DMSO (2.5 ml) ware added sodium dimethyl ma-
lonate prepared from NaH (60 mg, 2.5 mmol) and dimethyl malonate (0.43 ml, 3.8 mmol) in 
DMSO (2.5 ml).The mixture was stirred for 18 h at 60 oC. The reaction mixture was quenched 
with water, and the aqueous layer was extracted with ether. The combined extracts were washed 
with brine, dried over MgSO4, concentrated in vacuo. The residue was chromatographed on si-
lica gel (2% ethyl acetate in hexane) to give the title compound 2a (125 mg, 89%, 79% ee) as a 
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colorless oil. 
 
IR (cm-1): 2929, 1762, 1739, 1459, 1434, 1324, 1272, 1193, 1172, 1143, 1031. 
1H NMR (400 MHz, CDCl3):δ 5.47 (m, 1H, C=CHCH2 ), 3.83 (d, J = 12.4 Hz, 1H, COCHCO), 
3.73 (s, 3H, OCH3), 3.64 (s, 3H, OCH3), 3.01 (dd, J = 5.0, 12.6 Hz, 1H, CH2CHC), 2.06-1.88 
(m, 2H, CH2), 1.73-1.40 (m , 8H, CH2), 1.33-1.24 (m, 1H, CH2), 1.18(dd, 3.4, 12.9 Hz, 1H, 
CH2), 1.13 (s, 3H, CCH3). 
13C NMR (100 MHz, CDCl3):δ 169.2, 168.7, 140.2, 126.5, 56.2, 52.3, 51.9, 43.9, 41.9, 41.6, 
34.1, 29.9, 27.1, 26.3, 18.5, 17.9. 
HRMS (EI) Calcd. for C16H24O4 [M]+: 280.1675. Found: 280.1703. 
 
(trans,trans)-[Pd(μ-Cl)(1—8η3-C11H15O)]2 (11) 
Pd
Cl 2
O
 
2-Octalone 4 (0.73 g, 4.9 mmol) was dissolved in CHCl3 (50 ml). PdCl2(PhCN)2 (1.57 g, 4.1 
mmol) was added, and the red solution was stirred for 8 days under reflux. The solution was 
evaporated and chromatographed on silica gel with dichloromethane as an eluant. The addition 
of CCl4 to purified yellow solid induces decantation to give the title compound 15 (692 mg, 
29%) as a pure light yellow powder. 
 
IR (cm-1): 2931, 1683, 1473, 1456, 1324, 1253, 1022, 750. 
1H NMR (300 MHz, CDCl3):δ 4.44 (br, 2H, η3-CHC=CHCO), 3.45 (br, 2H, η3-CHC=CHCO), 
2.73 (m, 2H, CH2), 2.51 (m, 4H, CH2), 1.88 (m, 2H), 1.81-1.62 (m, 12H, CH2), 1.29 (s, 6H, 
CCH3). 
13C NMR (100 MHz, CDCl3):δ 203.5, 133.9, 83.9, 65.6, 36.7, 36.3, 33.6, 33.0, 24.8, 24.6, 17.7. 
Anal. Calcd for C22H30Cl2 O2Pd2: C, 43.30; H, 4.96%. Found: C, 42.73; H, 4.94%. 
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Dimethyl 
2-((5R,8aR)-1,2,3,5,6,7,8,8a-octahydro-8a-methyl-3-oxanaphthalen-5-yl)malonate (12) 
 
MeO2C CO2Me
O
 
To a solution of 11 (183 mg, 0.3 mmol) in DMSO (7.5 ml) was added sodium dimethyl malo-
nate prepared from NaH (14.4 mg, 0.57 mmol) and dimethyl malonate (0.12 ml, 3.6 mmol) in 
DMSO (2.5 ml). The reaction mixture was stirred for 18 h at 35 oC. The resulting mixture was 
poured in water. The aqueous layer was extracted with ether. The combined extracts were 
washed with brine, dried over MgSO4, concentrated in vacuo. The residue was chromatographed 
on silica gel (20% ethyl acetate in hexane) to give the title compound (197.3 mg, quant.) as co-
lorless solid. 
 
[α]D = -136 (c = 1.1, CHCl3). 
IR (cm-1): 2935, 1756, 1739, 1672, 1606, 1452, 1434, 1261, 1193, 1027, 877. 
1H NMR (400 MHz, CDCl3):δ 5.78 (s, 1H, C=CHCO), 3.85 (d, J = 12.2 Hz, 1H, COCHCO), 
3.77 (s, 3H, OCH3), 3.64 (s, 3H, OCH3), 3.23 (dd, J = 4.3, 12.2 Hz, 1H, CH2CHC), 2.53 (ddd, J 
= 5.0, 15.0, 17.6 Hz, 1H, COCH2CH2), 2.36 (m, 1H, COCH2CH2), 1.89 (dt, J = 4.4, 14.5 Hz, 1H, 
CH2),1.80-1.66 (m, 4H, CH2), 1.64-1.55 (m, 2H, CH2), 1.37 (m, 1H, CH2), 1.32 (s, 3H, CCH3). 
13C NMR (100 MHz, CDCl3):δ 199.2, 168.0, 167.5, 166.3, 128.4, 55.6, 52.8, 52.5, 42.8, 41.3, 
40.3, 35.7, 34.1, 29.1, 24.6, 17.4. 
HRMS (FAB+) Calcd. for C16H23O5 [M+H]+: 295.1545. Found: 295.1543. 
Anal. Calcd. for C16H22O5: C, 65.29; H, 7.53%. Found: C, 65.28; H, 7.43%. 
 
(±)-cis-2,3,4,4a,5,6,7,8-octahydro-4a-methylnaphthalen-2-ol (13) 
HO  
To a solution of 4 (2.01 g, 12.2 mmol) in Et2O (50 ml) was added LiAlH4 (693 mg, 18.3 mmol) 
portionwise at 0 oC with stirring. The reaction mixture was stirring for 2 h at 0 oC. Then, H2O 
(0.7 ml), 3N aqueous NaOH (0.7 ml) and H2O (2.1 ml) were added into the solution. The mix-
ture was dried over MgSO4, filtered through celite, and concentrated under reduced pressure. 
The crude residue was purified by column chromatography on silica gel (20% ethyl acetate in 
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hexanes) to give allylic alcohol 13 (961 mg, 47%) as colorless oil. 
 
IR (cm-1): 3330, 2926, 2858, 1744, 1661, 1445, 1043, 1030. 
1H NMR (300 MHz, CDCl3):δ 5.29 (d, J = 1.7 Hz, 1H, HOCHCH=C), 4.20 (m, 1H, 
HOCHCH=C), 2.18 (m, 1H, CH2), 2.03-1.89 (m, 2H, CH2), 1.80 (m, 1H, CH2), 1.63-1.46 (m, 
4H, CH2), 1.41-1.36 (m, 2H, CH2), 1.32-1.17 (m, 3H, CH2), 1.11 (s, 3H, CCH3). 
13C NMR (75.6 MHz):δ 146.8, 123.4, 68.1, 42.2, 37.4, 35.0, 32.3, 29.1, 28.5, 23.8, 22.3.  
 
(±)-cis-2,3,4,4a,5,6,7,8-octahydro-4a-methylnaphthalen-2-yl acetate (1b) 
AcO  
Ac2O (1.6 ml, 17.3 mmol) was added to a solution of alcohol 13 (961 mg, 5.78 mmol), pyridine 
(1.4 ml, 17.3 mmol), and 4-DMAP (35 mg, 0.29 mmol) in CH2Cl2 (29 ml) at 0 oC. The reaction 
mixture was stirring for 24 h at room temperature. The mixture was diluted with 1N HCl, ex-
tracted with dichloromethane, and organic layers were washed with saturated NaHCO3 and brine, 
dried over MgSO4, filtered, and concentrated under reduced pressure. The crude residue was 
purified by column chromatography on silica gel (5 % ethyl acetate in hexanes) to give the al-
lylic acetate 1a (1.13 mg, 94 %) as a colorless oil. 
 
IR (cm-1): 2930, 1735, 1445, 1373, 1259, 1085, 1021, 911, 796, 743. 
1H NMR (400 MHz, CDCl3):δ  5.30-5.25 (m, 2H, C=CHCHOH), 2.22-2.14 (m, 1H, CH2), 2.05 
(s, 3H, COCH3), 2.03-1.91 (m, 1H, CH2), 1.82-1.76 (m, 1H, CH2), 1.69-1.38 (m, 7H, CH2), 
1.31-1.17 (m, 2H, CH2), 1.13 (s, 3H, CCH3) . 
Anal. Calcd. for C13H20O2: C, 74.96; H, 9.68%. Found: C, 74.31; H, 9.52%. 
 
(±)-4a-Methyl-2,3,4,4a,5,6,7,8-octahydronaphthalene (14) 
 
To a stirred 1b (1.04 g, 5.0 mmol) in ethylamine (ca 50 ml) was added lithium (0.7 g, 100 
mmol) cut in small pieces at -78 oC. After 4 h, a deep blue color appeared and the mixture was 
stirred for 1 h more. NH4Cl was added carefully to neutralize ethylamine. Ether was added to 
maintain the volume and water was added carefully to destroy excess lithium metal. When most 
lithium was destroyed, water was poured into the mixture and aqueous layer was extracted with 
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ether. The combined extracts ware washed with brine, dried over MgSO4, concentrated in vacuo. 
The residue was purified by flash chromatography on silica gel (1% Et2O/hexane) to give octa-
line 14 (694 mg, 92%) as colorless oil. 
 
IR (cm-1): 2927, 1443, 1360, 1004, 984, 787. 
1H NMR (300 MHz, CDCl3):δ 5.28 (m, 1H, CH2CH=C), 2.25-1.08 (m, 14H, CH2), 1.06 (s, 3H, 
CCH3) . 
13C NMR (75.6 MHz, CDCl3):δ 143.8, 119.3, 42.2, 40.0, 34.8, 32.65, 28.5, 26.0, 24.3, 22.4, 
19.0. 
 
(trans,trans)-[Pd(μ-Cl)(1—8η3-C11H17)]2 (15) 
Pd
Cl 2  
14 (0.73 g, 4.9 mmol) was dissolved in CHCl3 (50 ml). PdCl2(PhCN)2 (1.57 g, 4.1 mmol) was 
added, and the red solution was stirred for 8 days under reflux. The solution was evaporated and 
chromatographed on silica gel with dichloromethane as an eluant. The addition of CCl4 to puri-
fied yellow solid induces decantation to give the palladium complex 15 (692 mg, 29%) as a pure 
light yellow powder. 
 
m.p. 181-195 oC 
IR (cm-1, KBr): 3452, 2929, 2368, 2341, 1658, 1456. 
1H NMR (CDCl3, 400MHz):δ 3.84 (br s, 4H, η3-CHC=CH), 2.03 (br s, 4H, CH2), 1.62 (br s, 
20H, CH2), 1.18 (s, 6H, CCH3). 
13C NMR (CDCl3, 100 MHz):δ 132.1, 74.7, 37.3, 32.7, 24.3, 23.6, 16.8 
HRMS (FAB+) Calcd. for C22H3435Cl2106Pd2 [M]+: 580.0107. Found: 580.0099. 
Anal. Calcd. for C22H34Cl2Pd2: C, 45.38; H, 5.89%. Found: C, 45.29; H, 6.08%. 
 
Crystal structure determination of 15. A yellow, prism crystal of C22H34Cl2Pd2 having ap-
proximate dimensions of 0.10 x 0.10 x 0.10 mm was mounted on a glass fiber. All measure-
ments were made on a Rigaku RAXIS RAPID imaging plate area detector with graphite mo-
nochromated Mo-Kα radiation. Indexing was performed from 5o oscillations that were exposed 
for 1500 seconds. The crystal-to-detector distance was 127.40 mm. Cell constants and an orien-
tation matrix for data collection corresponded to a primitive monoclinic cell with dimensions: a 
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= 5.466(2) Å, b = 12.338(5), c = 16.219(6), β = 97.42(3)o, V = 1084.7(7) Å3, respectively. For Z 
= 2 and F.W. = 582.22, the calculated density is 1.78 g/cm3. The systematic absences of: h0l: 
h+l ± 2n, 0k0: k ± 2n. Uniquely determine the space group to be P21/n (#14). The data were 
collected at a temperature of 23 ± 1 oC to a maximum 2θ value of 55.0o. A total of 44 oscillation 
images were collected. A sweep of data was done using ω scans from 130.0 to 190.0o in 5.0o 
step, at χ = 45.0o and φ = 0.0o. The exposure rate was 300.0 [sec/o]. A second sweep was per-
formed using ω scans from 0.0 to 160.0o in 5.0o step, at χ = 45.0o and φ = 180.0o. The exposure 
rate was 300.0 [sec/o]. The crystal-to-detector distance was 127.40 mm. Readout was performed 
in the 0.100 mm pixel mode. Of the 9781 reflections that were collected, 2476 were unique (Rint 
= 0.081); equivalent reflections were merged. The linear absorption coefficient, μ, for Mo-Kα 
radiation is 19.1 cm-1, was applied which resulted in transmission factors ranging from 0.82 to 
0.96. The data were corrected for Lorentz and polarization effects. A correction for secondary 
extinction11 was applied (coefficient = -37.840000). The structure was solved by direct me-
thods12 and expanded using Fourier techniques.13 The non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were refined using the riding model. The final cycle of full-matrix 
least-squares refinement14 on F2 was based on 1746 observed reflections and 136 variable para-
meters and converged (largest parameter shift was 0.00 times its esd) with unweighted and 
weighted agreement factors of: R = Σ||Fo| - |Fc||/Σ|Fo| = 0.048, wR = [Σ(w(Fo2 - 
Fc2)2)/Σw(Fo2)2]1/2 = 0.125. The standard deviation of an observation of unit weight15 was 1.19. 
A Sheldrick weighting scheme was used. Plots of Σw(|Fo| - |Fc|)2 versus |Fo|, reflection order in 
data collection, sinθ/λ and various classes of indices showed no unusual trends. The maximum 
and minimum peaks on the final difference Fourier map corresponded to 1.12 and -1.54 e/Å3, 
respectively. Neutral atom scattering factors were taken from Cromer and Waber.16 Anomalous 
dispersion effects were included in Fcalc;17 the values for Δf' and Δf" were those of Creagh and 
McAuley.8 The values for the mass attenuation coefficients are those of Creagh and Hubbell.19 
All calculations were performed using the CrystalStructure20, 21 crystallographic software pack-
age. 
 
Table 2.9. Crystal data of the complex ([Pd(μ-Cl)(η3-C11H17)]2 15. 
Crystal data 
Empirical Formula C22H34Cl2Pd2 
Formula Weight 582.22 
Crystal Color, Habit yellow, prism 
Crystal System monoclinic 
a, b, c (Å) 5.466(2), 12.338(5), 16.219(6) 
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β (o) 97.42(3) 
V (Å3) 1084.7(7) 
Space Group P21/n (#14) 
Z 2 
DCalc (g/cm3) 1.783 
F(000) 584.00 
μ (cm-1) 19.09 
Crystal size (mm) 0.10 x 0.10 x 0.10 
Intensity measurements 
Diffractometer Rigaku RAXIS-RAPID 
Radiation, λ (Å)  MoKα, 0.71075 
 graphite monochromated 
Temperature (K) 296 
2θmax (o) 55.0 
Total data 9781 
Total unique data 2476 
Observed data [I>3.00σ(I)] 1746 
Structure solution and refinement 
Structure Solution Direct Methods (SIR92) 
Refinement Full-matrix least-squares on F2 
Function Minimized Σw(Fo2 – Fc2)2 
Least Squares Weights 1/[0.001Fo2+3.000σ2(Fo)+0.500]/(4Fo2) 
Anomalous Dispersion All non-hydrogen atoms 
No. Observations (I>3.00σ(I)) 1746 
No. Variables 136 
Reflection/Parameter Ratio 12.84 
Final R, wR, S 0.048, 0.125, 1.19 
Max Shift/Error in Final Cycle 0.00 
Min. and max. resd. dens. e/Å3 -1.54, 1.12 
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trans-[Pd(1—8η3-C11H17)((R)-p-Tol-BINAP)]PF6 (16b) 
Pd+
LL
PF6-
LL=(R)-p-Tol BINAP  
To a solution of 15 (58.2 mg, 0.1 mmol) in CH2Cl2 (10 ml) was added AgPF6 (53.1mg, 0.21 
mmol) and the suspension stirred for 30 min. (R)-p-Tol BINAP (143.6mg, 0.21 mmol) was 
added to the mixture and stirred for another 1 h. The resulting suspension was filtered through 
celite to remove AgCl, and the filtrate was concentrated under reduced pressure. The yellow oily 
residue was chromatographed on silica gel (1% MeOH in CH2Cl2). The resulting yellow powder 
was recrystallized from CH2Cl2/hexane to give the title compounds 16b (194.1 mg, 90%). 
 
Mp:200-208 oC 
IR (cm-1):2923, 1503, 1100, 847 (PF6), 807. 
1H NMR (600 MHz, CDCl3):δ  7.85 (t, J = 9.2 Hz, 1H, Aromatic-H), 7.69 (d, J = 8.7 Hz, 1H, 
Aromatic-H), 7.62 (q, J = 8.8 Hz, 1H, Aromatic-H), 7.61 (d, J = 7.5 Hz, 1H, Aromatic-H), 
7.54(dd, J = 10.2, 8.2 Hz, 4H, Aromatic-H), 7.40(br d, J = 6.4 Hz, 2H, Aromatic-H), 7.34 (d, J 
= 1.5 Hz , 2H, Aromatic-H), 7.33 (s, 3H, Aromatic-H), 7.30 (dddd, J = 0.9, 3.6, 13.0 Hz, 1H, 
Aromatic-H), 7.04 (m, 2H, Aromatic-H), 7.00 (d, J = 8.1 Hz, 1H, Aromatic-H), 6.98 (t, J = 7.5 
Hz, 2H, Aromatic-H), 6.95 (ddd, J = 1.1, 7.0, 8.4 Hz, 1H, Aromatic-H), 6.55 (br s, 2H, 
Aromatic-H), 6.48 (d, J = 7.3 Hz, 2H, Aromatic-H), 6.41 (d, J = 8.6 Hz, 1H, Aromatic-H), 6.33 
(d, J = 8.6 Hz, 1H, Aromatic-H), 4.77 (br t, J = 6.6 Hz, 1H, , η3-CHC=CH), 3.64 (br d, J = 
11.09 Hz, 1H, η3-CHC=CH), 2.44 (s, 3H, tolyl), 2.43 (s, 3H, tolyl), 2.00 (s, 3H, tolyl), 1.98 (s, 
3H, tolyl), 1.60 (m, 1H, H1α), 1.51 (d, J = 9.3 Hz, 3H, H6α, 7α, 10α), 1.35 (m, 1H, H5α), 1.27 
(br t, J = 13.4 Hz, 2H, H7β, 9α), 1.08 (s, 3H, CCH3), 1.06 (m, 2H, H6β, 9β), 0.88 (m, 1H, 
H10β), 0.52 (m, 2H, H1β, 5β). 
13C NMR (150 MHz, CDCl3):selected data  92.7 (dd, 2JPC = 5.0, 24.9 Hz, C2), 84,2 (dd, 2JPC = 
5.8, 30.7 Hz, C4), 36.6 (C7), 35,6 (C9), 33.2 (C8), 22.5 (C11), 21.5 (br d, 3JPC = 6.6 Hz, C1), 
21.4 (tolyl), 21.2 (tolyl), 19.4 (br, d, 3JPC = 4.2Hz, C5), 17.2 (C10), 16.0 (C6). 
31P NMR (CDCl3, 162 MHz):δ 22.6 (d, 2JPP = 50.0 Hz), 21.4 (d, 2JPP = 50.0Hz), 143.1 (sept, 1JPF 
= 711.0 Hz). 
HRMS (FAB) Calcd. for C59H57P3Pd [M−PF6]+:933.2991. Found: 933.2990 
MS (FAB) m/z 933.4 (M+), 784.3 (M+-η3-C11H17), 693.3, 465.3. 
Anal. Calcd. for C59H57F6P3Pd: C, 65.6; H, 5.3. Found: C, 65.39; H, 5.10. 
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Crystal structure determination of 16b. A yellow prism crystal of C60H59Cl2F6P3Pd having 
approximate dimensions of 0.35 x 0.40 x 0.35 mm was mounted on a glass fiber. All measure-
ments were made on a Rigaku RAXIS imaging plate area detector with graphite monochro-
mated Mo-Kα radiation. Indexing was performed from 3 stills which were exposed for 2 
seconds. The crystal-to-detector distance was 127.40 mm. Cell constants and an orientation ma-
trix for data collection corresponded to a primitive triclinic cell with dimensions: a = 11.1858(8) 
Å, b = 11.3240(8), and c = 11.7450(9) Å, α = 109.233(4), β = 103.001(4), and γ = 95.505(2)o, V 
= 1345.1(2) Å3, respectively. For Z = 1 and F.W. = 1164.34, the calculated density is 1.44 g/cm3. 
Based on a statistical analysis of intensity distribution, and the successful solution and refine-
ment of the structure, the space group was determined to be P1 (#1). The data were collected at 
a temperature of -150 ± 1 oC to a maximum 2θ value of 54.6o. A total of 44 oscillation images 
were collected. A sweep of data was done using ω scans from 130.0 to 190.0o in 5.0o step, at 
χ=45.0o and φ = 0.0o. The exposure rate was 1.0 [sec/o]. The detector at the zero swing position.  
A second sweep was performed using ω scans from 0.0 to 160.0o in 5.0o step, at χ=45.0o and φ = 
180.0o. The exposure rate was 1.0 [sec/o]. The detector at the zero swing position. The crys-
tal-to-detector distance was 127.40 mm. Readout was performed in the 0.100 mm pixel mode. 
Of the 11890 reflections which were collected, 5894 were unique (Rint = 0.043); equivalent ref-
lections were merged. The linear absorption coefficient, μ, for Mo-Kα radiation is 5.9 cm-1, was 
applied which resulted in transmission factors ranging from 1.00 to 1.00. The data were cor-
rected for Lorentz and polarization effects. A correction for secondary extinction11 was applied 
(coefficient = 19671.000000). The structure was solved by direct methods12 and expanded using 
Fourier techniques.13 The non-hydrogen atoms were refined anisotropically. Hydrogen atoms 
were refined isotropically. The final cycle of full-matrix least-squares refinement22 on F was 
based on 5810 observed reflections (I > 3.00σ(I)) and 708 variable parameters and converged 
(largest parameter shift was 0.02 times its esd) with unweighted and weighted agreement factors 
of: R = Σ||Fo| - |Fc||/Σ |Fo| = 0.063, Rw = [Σw(|Fo| - |Fc|)2/ΣwFo2]1/2 = 0.102. The standard devi-
ation of an observation of unit weight23 was 2.19. Unit weights were used.  Plots of Σw(|Fo| - 
|Fc|)2 versus |Fo|, reflection order in data collection, sinθ/λ and various classes of indices 
showed no unusual trends. The maximum and minimum peaks on the final difference Fourier 
map corresponded to 3.09 and -1.03 e/Å3, respectively. Neutral atom scattering factors were 
taken from Cromer and Waber.16 Anomalous dispersion effects were included in Fcalc;17 the 
values for Δf' and Δf" were those of Creagh and McAuley.18 The values for the mass attenuation 
coefficients are those of Creagh and Hubbell.19 All calculations were performed using the Crys-
talStructure21, 24 crystallographic software package. 
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Table 2.10. Crystal data of the complex [Pd(η3-C11H17)((R)-p-Tol BINAP)]PF6 16b. 
Crystal data 
Empirical Formula C60H59Cl2F6P3Pd 
Formula Weight 1164.34 
Crystal Color, Habit yellow, prism 
Crystal System triclinic 
a, b, c (Å) 11.1858(8), 11.3240(8), 11.7450(9) 
α, β, γ (o) 109.233(4), 103.001(4), 95.505(2) 
V (Å3) 1345.1(2) 
Space Group P1 (#1) 
Z 1 
DCalc (g/cm3) 1.437 
F(000) 598.00 
μ (cm-1) 5.93 
Crystal size (mm) 0.35 x 0.40 x 0.35 
Intensity measurements 
Diffractometer Rigaku RAXIS-RAPID 
Radiation, λ (Å)  MoKα, 0.71069, graphite monochromated 
Temperature (K) 123 
2θmax (o) 54.6 
Total data 11890 
Total unique data 5894 
Observed data [I>3.00σ(I)] 5810 
Structure solution and refinement 
Structure Solution Direct Methods (SIR92) 
Refinement Full-matrix least-squares on F 
Function Minimized Σw(|Fo| - |Fc|)2 
Least Squares Weights 1 
Anomalous Dispersion All non-hydrogen atoms 
No. Observations (I>3.00σ(I)) 5810 
No. Variables 708 
Reflection/Parameter Ratio 8.21 
Final R, wR, S 0.063, 0.1020, 2.19 
Max Shift/Error in Final Cycle 0.02 
Min. and max. resd. dens. e/Å3 -1.03, 3.09 
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trans-[Pd(1—8η3-C11H17)((S)-PHOX)]PF6 (16c) 
Pd+
LL
PF6-
LL=(S)-PHOX  
To a solution of 15 (116.5 mg, 0.2 mmol) in CH2Cl2 (20 ml) was added AgPF6 (106.2 mg, 0.42 
mmol) and the suspension stirred for 30 min. (S)-PHOX (156.8 mg, 0.42 mmol) was added to 
the mixture and stirred for another 1 h. The resulting suspension was filtered through celite to 
remove AgCl, and the filtrate was concentrated under reduced pressure. The yellow oily residue 
was chromatographed on silica gel (0.5% MeOH in CH2Cl2) to afford the title compounds 16c 
(274 mg, 88%). 
 
[α]D = +252.7 (c = 1.07, CHCl3). 
IR (cm-1): 3060, 2933, 1625, 1481, 1461, 1436, 1371, 1265, 1241, 1147, 1099, 1058, 956, 838 
(PF6), 730, 696, 557, 534. 
Major isomer (66 %) 
1H NMR (600 MHz, CDCl3): 8.18 (ddd, J = 1.3, 4.4, 7.9 Hz, 1H, Aromatic H), 7.68 (tt, J = 1.3, 
7.7 Hz, 1H, Aromatic H), 7.60-7.52 (m, 5H, Aromatic H), 7.49 (t, J = 2.6 Hz, 2H, Aromatic H), 
7.49-7.46 (m, 2H, Aromatic H), 7.46-7.40 (m, 1H, Aromatic H), 7.23-7.17 (m, 2H, Aromatic H), 
4.86 (m, 1H), 4.62 (t, J = 9.5 Hz, 1H), 4.46 (m, 1H), 4.35 (dd, J = 4.6, 9.0 Hz, 1H), 3.44 (m, 1H), 
2.43-2.22 (m, 1H), 2.22-2.20 (m, 1H), 1.97-1.78 (m, 2H), 1.78-1.61 (m, 3H), 1.61-1.49 (m, 1H), 
1.47-1.24 (m, 4H), 1.22 (s, 3H), 0.85 (d J = 6.9 Hz, 3H), 0.76-0.60 (m, 1H), -0.07 (d, J = 6.9 Hz, 
3H). 
13C NMR (151 MHz, CDCl3): 164.7 (d, J = 2.1 Hz), 140.4 (d, J = 6.4 Hz), 134.4, 133.9 (d J = 
14.8Hz), 133.4 (d, J = 7.9 Hz), 133.1 (d, J = 5.8 Hz), 132.9, 132.8, 132.3 (d, J = 2.1 Hz), 132.1 
(d, J = 1.6 Hz), 131.5 (d, J = 2.1 Hz), 129.8 (d, J = 10.6 Hz), 129.6, 129.53, 129.46, 129.18, 
129.09, 128.1, 127.9, 127.67, 96.4, 96.2, 69.7, 67.9, 67.5 (d, J = 5.8 Hz), 36.8 (d, J = 11.1 Hz), 
33.3, 31.6, 24.3 (d, J = 3.7 Hz), 22.3, 20.1, 19.1, 17.0, 16.3, 12.7. 
31P NMR (243 MHz, CDCl3): δ 23.4, −143.7 (sept, JPF = 712.8 Hz). 
Minor isomer (34 %) 
1H NMR (600 MHz, CDCl3): 8.21 (ddd, J = 1.3, 4.4, 7.9 Hz, 1H, Aromatic H), 7.71 (tt, J = 1.3, 
7.7 Hz, 1H, Aromatic H), 7.51 (t, J = 2.0 Hz, 2H, Aromatic H), 7.46-7.40 (m, 1H, Aromatic H), 
7.32-7.26 (m, 5H, Aromatic H), 7.17-7.14 (m, 2H, Aromatic H), 7.10-7.05 (m, 2H, Aromatic H), 
4.55 (t J = 9.5 Hz, 1H), 4.46 (m, 1H), 4.43 (m, 1H), 4.41 (dd, J = 4.4, 9.0 Hz, 1H), 4.03 (m, 1H), 
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2.43-2.22 (m, 1H), 2.22-2.20 (m, 1H), 1.97-1.78 (m, 2H), 1.78-1.61 (m, 3H), 1.61-1.49 (m, 1H), 
1.47-1.24 (m, 4H),1.19 (s, 3H), 0.86 (d, J = 6.9 Hz, 3H), 0.76-0.60 (m, 1H), −0.06 (d, J = 6.9 Hz, 
3H). 
13C NMR (151 MHz, CDCl3):δ 164.5 (d, J = 1.6 Hz), 140.5 (d, J = 6.9 Hz), 135.1, 134.5 (d, J = 
14.8 Hz), 133.5 (d, J = 7.9 Hz), 133.2 (d, J = 5.8 Hz), 132.7, 132.24(d, J = 2.1 Hz), 132.16 (d, J 
= 1.6 Hz), 131.2 (d, J = 2.1 Hz), 130.0 (d, J = 10.6 Hz), 129.62, 129.4, 129.3, 129.21, 129.13, 
127.96, 127.68, 127.07, 126.8, 87.2, 87.0, 72.2, 72.0 (d, J = 4.8 Hz), 68.2, 36.3 (d, J = 18.5 Hz), 
33.1, 32.0, 24.1, 22.8, 20.6, 18.9, 16.9, 15.7, 13.2. 
31P NMR (243 MHz, CDCl3): δ 23.7, −143.7 (sept, JPF = 712.8 Hz). 
HRMS (FAB+) Calcd for C35H41NOPPd [M−PF6]+: 628.1961. Found: 628.1932. 
Anal. Calcd for C35H41F6NOP2Pd: C, 54.31; H, 5.34; N, 1.81%. Found: C, 54.28; H, 5.55; N, 
1.81%. 
 
trans-[Pd(1—8η3-C11H17)((R)-TBSO-PHOX)]PF6 (16d) 
Pd+
LL
PF6-
LL=(R)-TBOS-PHOX  
To a solution of 15 (58.2 mg, 0.1 mmol) in CH2Cl2 (10 ml) was added AgPF6 (53.1 mg, 0.21 
mmol) and the suspension stirred for 30 min. (R)-TBSO-PHOX (100 mg, 0.21 mmol) was add-
ed to the mixture and stirred for another 1 h. The resulting suspension was filtered through celite 
to remove AgCl, and the filtrate was concentrated under reduced pressure. The yellow oily re-
sidue was chromatographed on silica gel (1% MeOH in CH2Cl2). The resulting yellow powder 
was recrystallized from CH2Cl2/EtOH/hexane to afford the title compounds 16d (136.7 mg, 
78%).   
 
IR (cm-1): 3060, 2929, 2856, 1623, 1481, 1461, 1436, 1384, 1369, 1253, 1120, 1099, 838 (PF6), 
779, 734, 696, 557, 539. 
Major isomer  
1H NMR (600 MHz, CDCl3):δ 8.17 (ddd, J = 7.9, 4.4, 1.3, Hz, 1H, Aromatic H), 7.67 (m, 1H, 
Aromatic H), 7.63-7.43 (m, 8H, Aromatic H), 7.30-7.23 (m, 3H, Aromatic H), 7.07 (m, 1H, 
Aromatic H), 4.87 (m, 1H, η3- CHC=CH), 4.70 (t, J = 9.2 Hz, 1H, SiOCH2), 4.52-4.41 (m, 2H, 
SiOCH2CH), 3.61 (m, 1H, η3-CHC=CH), 3.55 (dd, J = 10.2, 3.3 Hz, 1H, NCHCH2), 2.50 (m, 
1H, NCHCH2), 2.30 (m, 1H, CH2), 2.17 (m, 1H, CH2), 2.07-1.85 (m, 2H, CH2), 1.84-1.69 (m, 
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2H, CH2), 1.64 (m, 2H, CH2), 1.63-1.47 (m, 2H, CH2), 1.43-1.30 (m, 2H, CH2), 1.23 (s, 3H, 
CCH3), 0.78 (s, 9H, SiC(CH3)3), –0.06 (s, 3H, SiCH3), –0.11 (s, 3H, SiCH3). 
13C NMR (151 MHz, CDCl3):δ 166.4 (d, JCP = 2.1 Hz), 140.0 (d, JCP = 5.8 Hz, η3-CHC=CH), 
134.6-129.1 (m, 14C), 128.5, 128.20, 126.9, 126.6, 96.2 (d, JPC = 26.5 Hz, η3-CHC=CH), 71.6, 
67.6 (d, JCP = 5.3 Hz, η3-CHC=CH), 66.1, 64.3, 37.3, 36.9, 33.3, 25.6 (3C), 24.00 (d, JCP = 4.2 
Hz), 22.3, 20.79, 18.0, 16.7, 16.5, -5.50., -5.53. 
31P NMR (243 MHz, CDCl3):δ 24.2, -143.8 (sept, JPF = 712.8 Hz). 
Minor isomer  
1H NMR (600 MHz, CDCl3):δ 8.21 (ddd, J = 7.9, 4.4, 1.3 Hz, 1H, Aromatic H), 7.69 (m, 1H, 
Aromatic H), 7.63-7.43 (m, 8H, Aromatic H), 7.30-7.23 (m, 3H, Aromatic H), 7.07 (m, 1H, 
Aromatic H), 4.65 (t, J = 9.0 Hz, 1H, SiOCH2), 4.55 (m, 1H, η3-CHC=CH), 4.52-4.41 (m, 2H, 
SiOCH2CH), 4.00 (m, 1H, η3-CHC=CH), 3.68 (dd, J = 10.5, 4.6 Hz, 1H, NCHCH2), 3.07 (dd, J 
= 10.5, 6.4 Hz, 1H, NCHCH2), 2.30 (m, 1H, CH2), 2.17 (m, 1H, CH2), 2.06-1.85 (m, 2H, CH2), 
1.84-1.68 (m, 2H, CH2), 1.67 (m, 2H, CH2), 1.63-1.47 (m, 2H, CH2), 1.43-1.30 (m, 2H, CH2), 
1.20 (s, 3H, CCH3), 0.74 (s, 9H, SiC(CH3)3) ,0.01 (s, 3H, SiCH3), –0.10 (s, 3H, SiCH3). 
13C NMR (151 MHz, CDCl3):δ 165.9 (d, JCP = 1.6 Hz), 140.8 (d, JCP = 6.4 Hz, η3-CHC=CH), 
134.6-129.1 (m, 14C), 128.23, 128.0, 127.0, 126.7, 87.5 (d, JPC = 29.1 Hz, η3−CHC=CH), 72.0 
(d, JPC = 4.2 Hz, η3−CHC=CH), 70.8, 68.7, 64.9, 36.34, 36.26, 33.2, 25.7 (3C), 23.98 (d, JPC = 
4.2 Hz), 22.9, 20.77, 18.1, 16.9, 15.6, -5.54, -5.6. 
31P NMR (243 MHz, CDCl3):δ 23.5, -143.8 (sept, JPF = 712.8 Hz). 
HRMS (FAB+) Calcd for C39H51NO2PpdSi [M−PF6]+: 730.2462. Found: 730.2461. 
Anal. Calcd for C39H51F6NO2P2PdSi: C, 53.46; H, 5.87; N, 1.60%. Found: C, 53.47; H, 6.06; N, 
1.55%. 
 
Crystal structure determination of 16d. A colorless block crystal of C39H51F6NO2P2PdSi hav-
ing approximate dimensions of 0.90 x 0.80 x 0.60 mm was mounted on a glass fiber. All mea-
surements were made on a Rigaku RAXIS RAPID imaging plate area detector with graphite 
monochromated Mo-Kα radiation. Indexing was performed from 4 oscillations that were ex-
posed for 150 seconds. The crystal-to-detector distance was 127.40 mm. Cell constants and an 
orientation matrix for data collection corresponded to a primitive orthorhombic cell with dimen-
sions: a = 10.988(3), b = 13.569(5), and c = 26.629(6) Å, and V = 3970.3(19) Å3, respectively. 
For Z = 4 and F.W. = 876.26, the calculated density is 1.466 g/cm3. The systematic absences of: 
h00: h ± 2n, 0k0: k ± 2n, 00l: l ± 2n, uniquely determine the space group to be: P212121 (#19). 
The data were collected at a temperature of -150 ± 1 oC to a maximum 2θ value of 55.0o. A total 
of 44 oscillation images were collected. A sweep of data was done using ω scans from 130.0 to 
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190.0o in 5.0o step, at χ = 45.0o and φ = 30.0o. The exposure rate was 30.0 [sec/o]. A second 
sweep was performed using ω scans from 0.0 to 160.0o in 5.0o step, at χ = 45.0o and φ = 180.0o. 
The exposure rate was 30.0 [sec/o]. The crystal-to-detector distance was 127.40 mm. Readout 
was performed in the 0.100 mm pixel mode. Of the 37281 reflections that were collected, 9068 
were unique (Rint = 0.070); equivalent reflections were merged. The linear absorption coefficient, 
μ, for Mo-Kα radiation is 6.414 cm-1. A numerical absorption correction was applied which re-
sulted in transmission factors ranging from 0.626 to 0.681. The data were corrected for Lorentz 
and polarization effects. The structure was solved by and expanded using Fourier techniques.16 
The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the 
riding model. The final cycle of full-matrix least-squares refinement4 on F2 was based on 6818 
observed reflections and 521 variable parameters and converged (largest parameter shift was 
0.00 times its esd) with unweighted and weighted agreement factors of: R = Σ||Fo| - |Fc||/Σ|Fo| = 
0.0613, wR = [Σ(w(Fo2 – Fc2)2)/Σw(Fo2)2]1/2 = 0.1497. The standard deviation of an observation 
of unit weight5 was 1.00. A Sheldrick weighting scheme was used. Plots of Σw(|Fo| - |Fc|)2 ver-
sus |Fo|, reflection order in data collection, sinθ/λ and various classes of indices showed no un-
usual trends. The maximum and minimum peaks on the final difference Fourier map corres-
ponded to 3.70 and -1.49 e/Å3, respectively. The absolute structure was deduced based on Flack 
parameter 0.01(4), refined using Friedel pair 4011.27 Neutral atom scattering factors were taken 
from Cromer and Waber.16 Anomalous dispersion effects were included in Fcalc;17 the values for 
Δf' and Δf" were those of Creagh and McAuley.18 The values for the mass attenuation coeffi-
cients are those of Creagh and Hubbell.19 All calculations were performed using the Crystal-
Structure21, 28 crystallographic software package. 
 
Table 2.11. Crystal data of the complex [Pd(η3-C11H17)((R)-TBSO-PHOX)]PF6 16d. 
Crystal data 
Empirical Formula C39H51F6NO2P2PdSi 
Formula Weight 876.26 
Crystal Color, Habit colorless, block 
Crystal System orthorhombic 
a, b, c (Å) 10.988(3), 13.569(5), 26.629(6) 
V (Å3) 3970.3(19) 
Space Group P212121 (#19) 
Z 4 
DCalc (g/cm3) 1.466  
F(000) 1808 
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μ (cm-1) 6.414 
Crystal size (mm) 0.90 x 0.80 x 0.60 
Intensity measurements 
Diffractometer Rigaku RAXIS-RAPID 
Radiation, λ (Å) MoKα, 0.71075 
 graphite monochromated 
Temperature (K) 123 
2θmax (o) 55.0 
Total data 37281 
Total unique data 9068 
Observed data [I>2.00σ(I)] 6818 
Structure solution and refinement 
Structure Solution Direct Methods 
Refinement Full-matrix least-squares on F2 
Function Minimized Σw(Fo2 - Fc2)2  
Least Squares Weights 1/[0.0018Fo2+1.0000s(Fo2)]/(4Fo2) 
No. Observations (I>2.00σ(I)) 6818 
No. Variables 521 
Reflection/Parameter Ratio 13.09 
Final R, wR, S 0.0613, 0.1497, 0.995 
Flack Parameter (Friedel pairs = 4011) 0.01(4) 
Max Shift/Error in Final Cycle 0.004 
Min. and max. resd. dens. e/Å3 -1.49, 3.70  
 
4a-Methyl-2,3,4,4a,5,6-hexahydronaphtalene (3) 
 
General. A mixture of [(1-Me-η3-C3H5)PdCl]2 (4.72 mg, 0.012 mmol), (R)-Tol BINAP (32.6 
mg, 0.048 mmol) and LiCl (20.4 mg, 0.48 mmol) in dioxane (2 ml) was stirred for 10 min. To 
the solution was added Et3N (48.7 mg, 0.48 mmol) and the mixture was stirred for another 10 
min. To the mixture was added 1a (100 mg, 0.481 mmol) in dioxane (3 ml) and the mixture was 
stirred at 100 oC for 4 h. The solution was extracted with diethyl ether, and the organic layer 
were washed with brine, dried over MgSO4, filtered, and concentrated under reduced pressure. 
The residue was chromatographed on silica gel (1% diethyl ether in hexane) to give diene 3 
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(91%, 78%ee) as colorless oil. 
 
[α]D = -206 (c = 0.21, CDCl3) 
IR (cm-1): 3016, 2923, 2867, 1455. 
1H NMR (300 MHz, CDCl3):δ 5.94 (dd, J = 9.9, 2.4 Hz, 1H, CH=CHC), 5.61 (br t, J = 7.3 Hz, 
1H, CH=CHC), 5.39 (t, J = 3.7 Hz, 1H, CHC=CH), 2.25 (m, 1H, CH2), 2.13 (m, 3H, CH2), 1.84 
(m, 1H, CH2), 1.66 (m, 1H, CH2), 1.48 (m, 1H, CH2), 1.34 (dq, J = 4.6, 13.0 Hz, 2H, CH2), 1.02 
(s, 3H, CCH3). 
13C NMR (100 MHz, CDCl3):δ 140.8, 128.7, 125.6, 123.2, 37.6, 37.6, 37.0, 32.3, 25.7, 23.3, 
23.1, 18.5. 
HRMS (EI) Calcd. for C11H16 [M]+: 148.1252. Found: 148.1255. 
Anal. Calcd. for C11H16: C, 89.12; H, 10.88%. Found: C, 90.03, H, 11.17%. 
 
(2R,4aR)-2α-deuterio-2,3,4,4a,5,6,7,8-octahydro-4a-methylnaphthalen-2-ol (2α-d-13) 
OH
D  
To a solution of (R)-4 (2.2 g, 13.6 mmol) in THF (70 mL) was added LiAlD4 (1.15 g, 27.3 
mmol) portionwise at -78 oC with stirring. The reaction mixture was stirring for 2 h at -78 oC. 
Then, H2O (1.2 mL), 3N aqueous NaOH (1.2 mL) and H2O (3.6 mL) were added into the solu-
tion. The mixture was dried over MgSO4, filtered through celite, and concentrated under re-
duced pressure. The crude residue was purified by column chromatography on silica gel (10% 
ethyl acetate in hexanes) to give deuterium labeled alcohol 2α-d-13 (1.57 g, 70%) as colorless 
oil. 
 
1H NMR (400 MHz, CDCl3): δ  5.29 (s, 1H, C=CHCD), 2.22-2.13 (m, 1H, CH2), 2.02-1.90 (m, 
2H, CH2), 1.83-1.74 (m, 1H, CH2), 1.67-1.48 (m, 5H, CH2), 1.41-1.15 (m, 3H, CH2), 1.11 (s, 3H, 
CCH3). 
 
(2R,4aR)-2,3,4,4a,5,6,7,8-octahydro-4a-methylnaphthalen-2-yl methyl carbonate (17) 
OCO2Me  
Methyl chlorocarbonate (0.37 mL, 4.8 mmol) was added to solution of alcohol (R,R)-13 (391 
mg, 2.4 mmol), pyridine (0.78 mL, 9.6 mmol), and 4-DMAP (15 mg, 0.12 mmol) in CH2Cl2 (12 
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mL) at 0 oC. The reaction mixture was stirring for overnight at room temperature. The mixture 
was diluted with 1N HCl, extracted with CH2Cl2, and organic layers were washed saturated 
NaHCO3 and brine, dried over MgSO4, filtered, and concentrated under reduced pressure. The 
crude residue was purified by column chromatography on silica gel (5 % ethyl acetate in hex-
anes) to give the allylic carbonate 17 (470 mg, 87%) as colorless solid. The resulting solid was 
recrystallized from ether. 
 
1H NMR (400 MHz, CDCl3): δ  5.32 (s, 1H, C=CHCH), 5.14 (m, 1H, CHCHOH), 3.77 (s, 3H, 
CH3O(CO)), 2.22-2.13 (m, 1H, CH2), 2.03-1.95 (m, 2H, CH2), 1.84-1.38 (m, 7H, CH2), 
1.31-1.18 (m, 2H, CH2), 1.12 (s, 3H, CCH3). 
13C NMR (100 MHz, CDCl3):δ 155.5, 149.3, 118.3, 74.7, 54.5, 41.8, 36.7, 35.0, 32.3, 28.4, 24.8, 
23.7, 22.3. 
 
(2R,4aR)-2α-deuterio-2,3,4,4a,5,6,7,8-octahydro-4a-methylnaphthalen-2-yl methyl carbo-
nate (2α-d-13)  
OCO2MeD  
Methyl chlorocarbonate (1.2 mL, 14.9 mmol) was added to solution of 2α-d-13 (499 mg, 2.9 
mmol), pyridine (2.4 mL, 29.8 mmol), and 4-DMAP (36.4 mg, 0.3 mmol) in CH2Cl2 (15 mL) at 
0 oC. The reaction mixture was stirring for 14 h at room temperature. The mixture was diluted 
with 1N HCl, extracted with CH2Cl2, and organic layers were washed saturated NaHCO3 and 
brine, dried over MgSO4, filtered, and concentrated under reduced pressure. The crude residue 
was purified by column chromatography on silica gel (2 % ethyl acetate in hexanes) to give the 
title compound 2α-d-14 (618 mg, 92%) as colorless solid. The resulting solid was recrystallized 
from ether. 
 
[α]D = +20.0 (c = 1.4, CHCl3) 
1H NMR (400 MHz, CDCl3):δ 5.31 (s, 1H, C=CHCD), 3.77 (s, 3H, OCH3), 2.18 (tdd, J = 13.7, 
4.6, 1.6 Hz, 1H, CH2), 2.00 (m, 2H, CH2), 1.80 (m, 1H, CH2), 1.72 (m, 1H, CH2), 1.65-1.54 (m, 
3H, CH2), 1.49 (m, 1H, CH2), 1.41 (td, J = 13.3, 2.8 Hz, 1H, CH2), 1.32-1.17 (m, 2H, CH2), 1.12 
(s, 3H, CCH3). 
13C NMR (100 MHz, CDCl3):δ 155.6, 149.4, 118.2, 74.3 (t, J = 23.2 Hz), 54.4, 41.7, 36.6, 34.9, 
32.2, 28.3, 24.6, 23.6, 22.2. 
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(R)-4a-Methyl-2β-deuterio-2,3,4,4a,5,6,7,8-octahydronaphthalene (14a) 
D  
To a solution of palladium acetate (2.3 mg, 0.05 mmol) was added trioctylphosphine (14 μL, 
0.03 mmol) in THF (0.25 mL). After the mixture was stirred for a few minutes, a solution of 
2α-d-14 (45 mg, 0.2 mmol) in THF (0.75 mL) and NaBH4 (75 mg, 2.0 mmol) was added into 
the reaction solution. After the mixture was stirred for 19 h at room temperature, the resulting 
suspension was diluted with water, extracted with ether. Organic layers were washed brine, 
dried over MgSO4, filtered, After removal of solvent in vacuo, the crude residue was purified by 
column chromatography on silica gel (hexane solution) to afford the title compound 14a (22.7 
mg, 75%) as a colorless oil. 
 
1H NMR (400 MHz, CDCl3):δ 5.28 (s, 1H, C=CHCD), 2.20-2.13 (m, 1H, CH2), 1.97-1.94 (m, 
2H, CH2), 1.77-1.73 (m, 1H, CH2), 1.64-1.47 (m, 5H, CH2), 1.34-1.17 (m, 4H, CH2), 1.06 (s, 3H, 
CCH3). 
13C NMR (100 MHz, CDCl3):δ 143.9, 119.2, 42.2, 40.0, 34.8, 32.7, 28.5, 25.6 (t, J = 19.4 Hz), 
24.3, 22.4, 18.9. 
HRMS (EI) Calcd. for C11H17D [M]: 151.1471. Found: 151.1476. 
 
(R)-4a-Methyl-2α-deuterio-2,3,4,4a,5,6,7,8-octahydronaphthalene (14b) 
D  
To a solution of palladium acetate (17 mg, 0.075 mmol) was added trioctylphosphine (98 μL, 
0.22 mmol) in THF (10 mL). After the mixture was stirred for a few minutes, a solution of 
2α-d-14 (335 mg, 1.5 mmol, 93% ee) in THF (5.0 mL) and NaBD4 (96 mg, 2.3 mmol) was 
added into the reaction solution. After the mixture was stirred for 19 h at room temperature, the 
resulting suspension was diluted with water, extracted with ether. Organic layers were washed 
brine, dried over MgSO4, filtered, After removal of solvent in vacuo, the crude residue was pu-
rified by column chromatography on silica gel (hexane solution) to afford the title compound 
14b (145 mg, 64%) as a colorless oil. 
 
1H NMR (300 MHz, CDCl3):δ 5.29 (dd, J = 4.9, 1.8 Hz, 1H, C=CHCH2), 2.22-2.12 (m, 1H, 
CH2), 1.98-1.91 (m, 2H, CH2), 1.77-1.72 (m, 1H, CH2), 1.63-1.13 (m, 9H, CH2), 1.06 (s, 3H, 
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CCH3). 
 
(trans,trans)-[Pd(μ-Cl)(1—8η3-2α-deuterio-C11H16D)]2 (15a) 
Pd
Cl 2
D
 
To a solution of 14b (182 mg, 1.2 mmol) in CHCl3 (12 mL) was added PdCl2(PhCN)2 (289 mg, 
0.75 mmol) and the red solution was stirred for 4 days at 60 oC. After the solvent was evapo-
rated in vacuo and the resulting residue was purified by column chromatography on silica gel 
with CH2Cl2 as an eluant. The addition of CCl4 to purified yellow solid induces decantation to 
give the title compound 15a (41 mg, 19%) as a pure light yellow powder. 
 
1H NMR (400 MHz, CDCl3):δ 3.85 (br, 4H, η3-CHC=CH), 2.06-1.99 (m, 4H, CH2), 1.73-1.70 
(m, 9H, CH2), 1.62-1.52 (m, 9H, CH2), 1.18 (s, 6H). 
 
trans-[Pd(1—8η3-2α-deuterio-C11H16D)((R)-p-Tol-BINAP)]PF6 (16ba) 
Pd+
LL
PF6-
LL=(R)-p-Tol BINAP
D
 
To a solution of 15a (442 mg, 0.20 mmol) in CH2Cl2 (20 ml) was added KPF6 (81 mg, 0.44 
mmol) and the suspension stirred for 30 min. (R)-p-Tol-BINAP (299 mg, 0.44 mmol) was added 
to the mixture and stirred for another 20 h. The resulting suspension was filtered through celite 
to remove KCl, and the filtrate was concentrated under reduced pressure. The yellow oily resi-
due was chromatographed on silica gel (1% MeOH in CH2Cl2 solution) to afford the title com-
pound 16ba (442 mg, quant.) as yellow solid. 
 
1H NMR (400 MHz, CDCl3):δ 7.87 (t, J = 9.0 Hz, 1H, Aromatic-H), 7.71-7.50 (m, 9H, Aromat-
ic-H), 7.41-7.27 (m, 10H, Aromatic-H), 7.04-6.90 (m, 7H, Aromatic-H), 6.55 (br, 2H, Aromat-
ic-H), 6.47 (d, J = 7.2 Hz, 2H, Aromatic-H), 6.42 (d, J = 8.5 Hz , 1H, Aromatic-H), 6.32 (d, 1H, 
Aromatic-H),  4.74 (m, 1H, η3-CHC=CH), 3.62 (m, 1H, η3-CHC=CH), 2.44 (s, 3H, Aromat-
ic-CH3), 2.44 (s, 3H, Aromatic-CH3), 2.00 (s, 3H, Aromatic-CH3), 1.97 (s, 3H, Aromatic-CH3), 
1.66-1.49 (m, 7H, CH2), 1.32-1.19 (m, 5H, CH2), 1.09 (s, 3H, CCH3), 0.90 (m, 2H, CH2), 0.47 
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(m, 1H, CH2). 
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3.1 Introduction 
 
Catalytic enantioselective reactions to obtain optically pure molecules using chiral molecu-
lar catalysts are useful means in organic synthesis. Several catalytic kinetic resolutions have 
been developed as practical methods for preparation of chiral molecules from racemates.1 
However, one of significant problems of kinetic resolution for practical application is to control 
the conversion of starting materials, because it is normally recognized that the higher the con-
version of the reactions, the lower enantiomeric excesses of the products. The parallel kinetic 
resolution recently reported is a solution for this problems.2 In this chapter, the author introduc-
es a novel concept to obtain chiral bicyclic compounds from racemates using a palla-
dium-catalyzed enantiodistinctive reaction. 
At last, to clarify the carbon positions, the author assigned the carbon atom numbering for 
the bicyclic and steroidal structure as illustrated in Fig. 3.1. 
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Figure 3.1. Carbon atom numbering in the bicyclic and steroidal structure 
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3.2 Preparation of Steroidal and Bicyclic Allylic Ester 
 
As a chiral fused ring allylic compound, steroidal allylic acetate 1c was prepared from tes-
tosterone as shown in Scheme 3.1. After TBS protection of testosterone, reduction with DI-
BAH provided the corresponding alcohol 19a in 97% yield in two steps.3 The allylic alcohol 
19a was acetylated to give the steroidal allylic acetate 1c in 88% yield. 
OH
O
OTBS
O
OTBS
HO
DIBAH
OTBS
AcO
Ac2O, Py
TBSCl
18a
19a, 97% (2 steps) 1c, 88%  
 
As a racemic bicyclic allylic compound, the bicyclic acetate 2b was prepared as shown in 
Scheme 2.3 in Section 2.3.3.  
  
Scheme 3.1. Synthesis of steroidal allylic ester protected with TBS function. 
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3.3 Palladium-Catalyzed Allylic Alkylation of the Steroidal Allylic Ester Using 
Chiral Phosphine Ligands 
 
At first palladium-catalyzed nucleophilic reaction of the acetate 1c derived from a natural 
steroid using (S)- or (R)-chiral catalysts was carried out. Reaction of 1c and dimethyl malonate 
anion with Pd-(S)-BINAP catalyst proceeded the nucleophilic reaction smoothly to give 2c in 
76% yield with the diene 20 (20%) as a minor product. On the contrary, reaction of 1c and the 
malonate anion under similar conditions except for using Pd-(R)-BINAP catalyst instead of 
(S)-BINAP did not give 2c in a satisfactory yield (24%), but elimination took place to give 20 as 
a major product (66%) (Table 2.1). 
This interesting observation is a case that one enantiomer is a favorable catalyst for the de-
sired reaction but the other enantiomer is unfavorable one, which converts the substrate to the 
product in different ways. The reaction with (S)-BINAP lead the substrate to allylation, on the 
contrary, that of (R)-BINAP afforded the elimination product predominantly. The palla-
dium-catalyzed reaction was found to proceed enantiodistictively to the chiral allylic compound.  
 
Nu
OTBS
AcO
++ NaNu
Nu = CH(CO2Me)2
[1-Me-allyl)PdCl]2
Ligand
THF, 60 oC
1c 2c 20
  
Entry Ligand 
Product 2c Product 20 
/%a Yield /%a cis/transb 
1 (S)-BINAP 76 92: 8 20 
2 (R)-BINAP 24 63:37 66 
aIsolated yield. bThe ratio of the cis/trans isomer was determined by 1H NMR analysis. 
Table 3.1. The effects of chiral ligands on allylic alkylation of the steroidal allylic acetate 1c. 
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3.4 Development of Chiral Synthesis from the Racemic Bicyclic Allylic Ester Ap-
plied by the Enantiodistinctive Reaction 
 
The finding of the enantiodistinctive reaction inspired the author into extension of the reac-
tion to the chiral synthesis from the racemic acetate, since the both enantiomers were supposed 
to convert the different products, which were easily separated to optically active products. 
Therefore, reaction of the racemate 1b with dimethyl malonate anion was carried out in the 
presence of a catalytic amount of [(1-Me-allyl)PdCl]2 and (S)-BINAP in THF at 60 oC under 
various conditions (Table 3.2). Usual kinetic resolution proceeded when 0.25 or 0.5 equivalents 
of dimethyl malonate was used, thus optically active 2b was obtained with high ee, although the 
yields are low (Entries 1 and 2). When 1.0 or 1.5 equivalents of dimethyl malonate was used in 
order to raise the conversion of the acetate 1b, chemical yields of 2b resulted satisfactory, but 
enantiomeric excesses of 2b were decreased. However the enantiomeric excesses of the nuc-
leophilic substituted product were much higher compared with the case expected by normal ki-
netic resolution in the same conversion (Entries 3 and 4). In addition, although stoichiometric 
amount of the malonate existed in the reaction, the diene 3 was obtained in considerable yields 
as by-product. More interestingly, chirality of diene 3 obtained as a byproduct depended on the 
amount of dimethyl malonate. (S) Isomer was obtained in cases with small amount of the malo-
nate (Entries 1 and 2), whereas (R) isomer was obtained in those with one equivalent or more of 
the malonate (Entries 3 and 4). 
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NuAcO
++ NaCH(CO2Me)2
[1-Me-allyl)PdCl]2
(S)-BINAP
THF, 60 oC
NuAcO
(R,R)-1b
(S,S)-1b
(R,R)-2b
(S,S)-2b
(R)-3
(S)-3
 
Entry 
Nu- 
/equiv. 
Product 2b Product 3 Recovered 1b 
Yield 
/%a 
% eea Yield /%a % eea 
Yield 
/%a 
% eea 
1 0.25 3   92 (S,S) 15 45 (S) 81  14 (R,R)
2 0.5  15   89 (S,S) 22 29 (S) 56  31 (R,R)
3 1.0  43   80 (S,S) 26 11 (R) 30  66 (R,R)
4 1.5  56   67 (S,S) 36 48 (R) 6  >99 (R,R)
aDetermined by GLC analysis. 
 
  
Table 3.2. The effects on the amount of nucleophile on the allylic alkylation of the racemic 
bicyclic allylic acetate 1b. 
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3.5 Plausible Mechanism of Enantiodistinctive Reaction 
 
These observations can be explained as shown in Scheme 3.3. At first reaction of allylic 
acetates, (S,S)- and (R,R)-1b with Pd(0)-complex gave η3-allylpalladium intermediate A and B, 
respectively. Reaction of A with dimethyl malonate anion gave (S,S)-2b. However, reaction of 
B with dimethyl malonate anion did not give allylation product (R,R)-2b smoothly, probably 
because the nucleophilic attack at less hindered site is restricted by the chiral ligand. It is known 
that the site selectivity is controlled by chiral ligands in the nucleophilic reaction of 
η3-allylpalladium intermediates A, B.4, 5 
Nucleophilic attack at C(2) of A is preferential, however, that of B is restricted by the chiral 
catalyst. The chiral catalyst induces the nucleophile attack at angular carbon position C(8a) of B, 
but owing to steric effect, the nucleophile hardly attacks at C8a. In this case, elimination of B to 
the diene 6 proceeds instead of nucleophilic reaction. Indeed, (R)-3 was obtained from B with a 
moderate ee even when dimethyl malonate was added more than 1.0 equiv. (Entries 3 and 4 in 
Table 3.2). 
On the other hand, when the small amount of dimethyl malonate was used, (S)-3 was ob-
tained as a major product rather than (R) isomer (Entries 1 and 2 in Table 3.2). In the case both 
nucleophilic reaction and elimination took place from A. These results indicate that oxidative 
addition of (S,S)-1b to Pd-(S)-BINAP complex is faster than that of (R,R)-1b. It should be noted 
that the recovery of 1b was dependent on the amount of the malonate, which indicates the ma-
lonate anion acted as a nucleophile and a base for elimination, accelerating the catalytic reaction. 
The rates of oxidative addition of (S,S)-1b and nucleophilic reaction of A were faster than those 
of the enantiomers, (R,R)-1b and B, which afforded the nucleophilic substituted product with 
high enantioselectivity.  
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(R,R)-1b
(S,S)-1b
(S,S)-2b
(R)-3
AcO
PdL*n
Pd(0)
L*
L* = (S)-BINAP
Nu = CH(CO2Me)2
Nu
Nu-
PdL*n
Pd(0)
L*
Nu-
OAc
X
X
-NuH
H
Nu-
2
28
8a
A
B
 
 
 
  
Scheme 3.3. Plausible mechanism of enantiodistinctive reaction 
 70 
 
Chapter 3. Palladium-Catalyzed Enantiodistinctive Reaction of Bicyclic Allylic Compounds 
 
3.6 Summary 
 
The author investigated the palladium-catalyzed reactions of the chiral allylic compounds 
using chiral ligand. The steroidal allylic substrate 1c as a chiral allylic compound was reacted 
with malonate anion as a nucleophile in the presence of BINAP. When BINAP was (S) isomer, 
nucleophile attacked smoothly. However, nucleophile hardly attacked 1c using (R)-BINAP. 
Malonate anion acted as a base instead of a nucleophile to give diene 20 mainly. The results 
applied the palladium-catalyzed reaction of the racemic substrates to develop a novel kinetic 
resolution. When the allylic acetate 1b as a racemic allylic compound was reacted with nucleo-
phile in the presence of palladium catalyst and the optically active BINAP, one enantiomer 
converted to the allylation product, whereas, another was eliminated to afford diene. The author 
named this reaction enantiodistinctive reaction, which would provide a useful method for prep-
aration of optically active compounds more effectively than by normal kinetic resolution. In this 
chapter, the author introduces a novel concept to the kinetic resolution. 
 
(R,R)-1b
(S,S)-1b (S,S)-2b
(R)-3
AcO
Pd Cat.=[(1-Me-allyl)PdCl]2
Nu = CH(CO2Me)2
Nu
OAc
+ NaCH(CO2Me)2
Pd Cat.
(S)-BIANP
1.5 equiv.
 
 
  
Scheme 3.4. Enantiodistinctive reaction 
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3.7 Experimental Section 
 
(3S,10R,13S,17S)-2,3,6,7,8,9,10,11,12,13,14,15,16,17-Tetradecahydro-17-tbutyldimethylsilo
xy-10,13-dimethyl-1H-cyclopenta[α]phenanthren-3-ol (19a) 
 
OTBS
HO  
To a solution of testosterone (1.0 g, 3.5 mmol) in DMF (17.5 mL) was added imidazol (715 mg, 
10.5 mmol), tbutyldimethylsilyl chloride (1.6 g, 10.5 mmol), and 4-DMAP (43 mg, 0.35 mmol) 
at room temperature. The reaction mixture was stirring for 5 h. Then, the mixture was diluted 
with saturated NaHCO3 aq., extracted with ether, dried over MgSO4, filtered, and concentrated 
under reduced pressure. The crude product was used without further purification. 
To a solution of 18c in 1:1 THF/DME solvent (40 mL) was added 0.98 M DIBAH (15.6 mL, 14 
mmol) in hexane solution at -78 oC. After the reaction mixture was stirring for 2.5 h at -78 oC, 
the reaction quenched with 0.5 M aqueous Rochelle salt (32 mL). After the mixture was stirred 
overnight at room temperature, the mixture was extracted with ether, washed with brine. The 
organic layers were dried over MgSO4, filtered, and concentrated under reduced pressure. The 
crude residue was purified by column chromatography on silica gel (10% ethyl acetate in hex-
anes) to afford corresponding alcohol 19a (1.38 g, 97% from testosterone) as white solid. 
 
1H NMR (400 MHz, CDCl3):δ 5.28 (br, 1H, CHCH=C), 4.14, (m, 1H, HOCHCH), 3.52 (t, J = 
8.3 Hz, 1H, CHOTBS), 2.19 (m, 1H), 2.03-1.83 (m, 3H), 1.75 (m, 3H), 1.54-1.22 (m, 11H), 
1.05 (s, 3H, CCH2), 0.87 (s, 9H, SiC(CH3)3), 0.71 (s, 3H, CCH2), 1.05 (s, 3H, CCH3), -0.002 (s, 
6H, Si(CH3)2). 
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(3S,10R,13S,17S)-2,3,6,7,8,9,10,11,12,13,14,15,16,17-Tetradecahydro-17-tbutyldimethylsilo
xy-10,13-dimethyl-1H-cyclopenta[α]phenanthren-3-yl acetate (1c) 
 
OTBS
AcO  
Ac2O (1.9 mL, 20 mmol) was added to solution of alcohol 19a (2.7 g, 6.7 mmol), pyridine (1.6 
mL, 20 mmol), and 4-DMAP (41 mg, 0.34 mmol) in CH2Cl2 (40 mL) at 0 oC. The reaction 
mixture was stirring for 6 h at 0 oC. The mixture was diluted with 1N HCl, extracted with 
CH2Cl2, and organic layers were washed with saturated NaHCO3 and brine, dried over MgSO4, 
filtered, and concentrated under reduced pressure. The crude residue was purified by column 
chromatography on silica gel with hexane/EtOAc as eluting solvent to afford acetate 1c (2.61 g, 
88%) as a colorless oil. 
 
1H NMR (CDCl3, 400MHz):δ 5.22 (m, 2H, CHCH=C), 3.54 (t, J = 8.3 Hz, 1Hi CHOSi), 2.20 
(m, 1H, CH=CCH2), 2.05 (s, 3H, CH3CO), 2.04-1.25 (m, 18H), 1.07 (s, 3H, CCH3), 0.86 (s, 9H, 
C(CH3)3), 0.73 (s, 3H, CCH3), 0.00 (s, 6H, SiC(CH3)2)  
13C NMR (CDCl3, 100 MHz):δ 170.9, 149.5, 118.9, 81.7, 70.9, 54.5, 50.3, 43.2, 37.4, 37.0, 36.0, 
35.1, 32.6, 32.2, 30.9, 25.1, 23.6, 21.5, 20.7, 18.9, 18.2, 11.4, -4.4, -4.7. 
Anal. Calcd. for C22H34Cl2Pd2: C, 72.59; H, 10.38%. Found: C, 72.63; H, 10.33%. 
 
General procedure for palladium-catalyzed reaction of the steroidal allylic acetate 1c with 
sodium dimethyl malonate. 
 
A solution of 1c (1 equiv.) was added to a solution of [(1-Me-η3-C3H5)PdCl]2 (2.5 mol %) and 
BINAP (10 mol %) in THF under an atmosphere of argon. The mixture was stirred at r.t. for 30 
min. A solution of sodium dimethyl malonate prepared from dimethyl malonate and NaH in 
THF at 0 oC was added, and then the mixture was stirred at 60 oC for 3 h. The mixture was 
cooled to r.t. and active carbon was added to the mixture, then the mixture filtered. The filtrate 
was extracted with ether, and the organic layers were washed with brine, dried over MgSO4, 
filtered, and concentrated under reduced pressure. The crude residue was purified by column 
chromatography on silica gel to afford 1c and 20 (See Table 3.1.) 
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Dimethyl 
2-((3S,10R,13S,17S)-2,3,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-17-tbutyldimethylsil
oxy-10,13-dimethyl-1H-cyclopenta[α]phenanthren-3-yl)malonate (2c) 
OTBS
MeO2C
CO2Me  
 
1H NMR (CDCl3, 400MHz):δ 5.07 (m, 1H, CHCH=C), 3.73 (s, 6H, OCH3), 3.53 (t, J = 8.2 Hz, 
1H, COCHCO), 3.18 (d, J = 9.6 Hz, 1H, CHOSi), 2.80 (m, 1H, CHCH=C), 2.17 (m, 1H, 
CH=CCH2), 1.98-1.21 (m, 18H), 0.99 (s, 3H, CCH3), 0.87 (s, 9H, C(CH3)3), 0.71 (s, 3H, CCH3), 
0.00 (s, 6H, SiC(CH3)2)  
13C NMR (CDCl3, 100 MHz):δ 169.4, 147.7, 119.8, 82.2, 57.7, 55.1, 52.8, 52.7, 50.8, 43.6, 37.6, 
37.5, 37.0, 36.4, 33.0, 31.3, 24.1, 24.1, 19.8, 18.5, 11.7, -4.1, -4.4. 
Anal. Calcd. for C22H34Cl2Pd2: C, 69.45; H, 9.71%. Found: C, 69.38; H, 10.32%. 
 
(10R,13S,17S)-2,7,8,9,10,11,12,13,14,15,16,17-Dodecahydro-17-tbutyldimethylsiloxy-10,13-
dimethyl-1H-cyclopenta[α]phenanthren-17-yloxy)tbutyldimethylsilane (20) 
OTBS
 
 
1H NMR (400 MHz, CDCl3):δ 5.17 (d, J = 2.0 Hz, 1H, CH=C), 3.74 (s, 3H, CH3O), 3.73 (s, 3H, 
CH3O), 3.30 (d, J = 10.2 Hz, 1H, COCHCO), 2.84 (m, 1H, CHCH=C), 2.18 (m, 1H, 
CH=CCH2), 1.93 (m, 1H, CH=CCH2), 1.77-1.15 (s, 10H), 1.05 (s, 3H, CCH3). 
 
General procedure for palladium-catalyzed reaction of the racemic bicyclic allylic acetate 
1b with sodium dimethyl malonate. 
 
A solution of 1b (1 equiv.) was added to a solution of [(1-Me-η3-C3H5)PdCl]2 (2.5 mol %) and 
(S)-BINAP (10 mol %) in THF under an atmosphere of argon. The mixture was stirred at r.t. for 
30 min. A solution of sodium dimethyl malonate prepared from dimethyl malonate and NaH in 
THF at 0 oC was added, and then the mixture was stirred at 60 oC for 3 h. The mixture was 
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cooled to r.t. and active carbon was added to the mixture, then the mixture filtered. The filtrate 
was extracted with ether, and the organic layers were washed with brine, dried over MgSO4, 
filtered, and concentrated under reduced pressure. The crude residue was purified by column 
chromatography on silica gel to afford 1b, 2b, and 3. These enantiomeric excess was determined 
by GLC. 
 
Dimethyl 2-((2S,4aS)-2,3,4,4a,5,6,7,8-octahydro-4a-methylnaphthalen-7-yl)malonate 
((2S,4aS)-2b) 
CO2Me
MeO2C
 
1H NMR (400 MHz, CDCl3):δ 5.08 (d, J = 1.2 Hz, 1H, CHCH=C), 3.74 (s, 3H, CH3O), 3.73 (s, 
3H, CH3O), 3.21 (d, J = 9.4 Hz, 1H, COCHCO), 2.85 (m, 1H, CHCH=C), 2.14 (m, 1H, 
CH=CCH2), 1.96 (m, 1H, CH=CCH2), 1.77-1.14 (s, 10H, CH2), 1.04 (s, 3H, CCH3). 
 
(R)-2,3,4,4a,5,6,7,8-hexahydro-4a-methylnaphthalene ((R)-3) 
 
See Section 2.6. 
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4.1 Introduction 
 
The discovery of the enantiodistinctive reaction described in Chapter 3 prompted us to ex-
amine the enantiodistinctive reaction of unsymmetrical bicyclic compounds in detail. The author 
prepared 3—5η3-allylpalladium complexes with (S)- or (R)-BINAP using a natural steroid be-
cause preparation of optically pure 2-octalone 4 was difficult. In the course of the studies the 
unprecedented unique structure of η3-allylpalladium chloride dimer was found to form. Investi-
gation of the allylic alkylation using this steroidal Pd complex and furthermore using bicyclic 
compounds with various phosphines lead into another interesting feature of nucleophilic reac-
tion of η3-allylpalladium complexes, thus, the stereochemistry of this reaction is dependent on 
the type of the added phosphines. 
At last, to clarify the carbon positions, the author assigned the carbon atom numbering for 
bicyclic and steroidal structure as illustrated in Fig. 4.1. 
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Figure 4.1. Carbon atom numbering in the bicyclic and steroidal structure 
 78 
 
Chapter 4. Phosphine Dependent Stereoselective Nucleophilic Reaction to Bicyclic 
Bis-μ-dichloro-η3-allylpalladium Complexes 
 
4.2 Synthesis of Steroidal Allylic Alcohol and Steroidal 
Bis-μ-dichloro-η3-allylpalladium Complex 
 
To analyze the stereochemistry of the allylic alkylation reaction, the steroidal 
3—5η3-allylpalladium chloride dimer complexes were prepared according to the me-
thod of Bosnich and coworkers.1 Steroidal allylic alcohol 19b was obtained in 
Scheme4.1. After protection of testosterone with pivaloyl ester, the enone 18b was re-
duced with NaBH4 and CeCl3.7H2O to give the corresponding allylic alcohol 19b selec-
tively. 
 
OH
O
OPiv
O
OPiv
HO
NaBH4
CeCl3.7H2OPivCl
18b 19b  
 
 
Reaction of steroid derivative 19b with Na2PdCl4 in concentrated HCl under CO gave the 
bis-μ-dichloro-η3-allylpalladium complex 21 in 56% yield as a yellow solid by following the 
Bosnich’s report.1 
 
19b
OPiv
HO PdPd
+
Na2Pd2Cl4, 12N HCl
THF/EtOH/H2O
r.t., under CO
cis structure trans structure
21, 56%
cis:trans=1:3  
 
 
  
Scheme 4.2. Synthesis of the steroidal bis-μ-dichloro-η3-allylpalladium dimer 2. 
Scheme 4.1. Synthesis of the steroidal allylic alcohol protected with pivaloyl ester 19b. 
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NMR Observation. 
The selected 1H NMR data of complexes 21 was summarized in Table 4.1. A 1H NMR spec-
trum of the solid 21 indicated the presence of isomeric cis-3—5η- and 
trans-3—5η-allylpalladium structures in 1:3 ratios. The finding suggested that palladium atoms 
bonded to the diastereomeric β-face as well as the α-face of the steroid. The allylic proton sig-
nal of the cis-3—5η-allyl moiety appeared at 5.14 ppm (d, J = 6.6 Hz), and vinylic proton were 
at 4.28 ppm (br). Those of the trans-3—5η3-allyl moiety appeared at 5.30 ppm (d, J = 6.4 Hz) 
and 4.88 ppm (br).7 The ratio of trans,trans-21, cis,cis-21 and cis,trans-21 could not be deter-
mined from the 1H NMR spectrum. 
 
5.14 ppm
4.28 ppm 4.88 ppm
5.30 ppmOPiv
Pd
H
H
OPiv
Pd
H
H
cis structure trans structure  
Table. 4.1. Selected 1H NMR data in CDCl3 of Pd complex 21 
Structure η3-CH=CHC η3-CH=CHC 
cis 5.14 (d, J = 6.6 Hz) 4.28 (br) 
trans 5.30 (d, J = 6.4 Hz) 4.88 (br) 
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4.3 X ray structure of Steroidal Bis-μ-dichloro-η3-allylpalladium Complex 
 
The steroidal η3-allylpalladium chloride complex 21 were obtained from the steroid deriva-
tive 19b by the method of Bosnich et al.1 The soluble trans,trans-21 was washed from the yel-
low solid with ether. The ethereal elute was condensed and the residue was crystallized from 
hexane-CH2Cl2. Interestingly, X-ray crystallography of the yellow crystals revealed the 
cis,trans-21 (Fig. 4.2).3 The crystals stacked more closely with cis,trans-21 after isomerization 
during crystallization. 
 
 
 
  
Figure 4.2. ORTEP drawing of steroidal cis,trans-η3-allylpalladium chloride dimer 21. 
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Table 2.5. Selected interatomic distance (Å) and angles (deg) with esd’s in parentheses 
for complex 21. 
Bond distances 
Pd(1)-Cl(1) 2.4439(7) Pd(2)-C(28) 2.116(3) 
Pd(1)-Cl(2) 2.4248(9) Pd(2)-C(29) 2.081(3) 
Pd(2)-Cl(1) 2.4265(7) Pd(2)-C(30) 2.203(2) 
Pd(2)-Cl(2) 2.4211(9) C(3)-C(4) 1.411(5) 
Pd(1)-C(3) 2.102(3) C(4)-C(5) 1.423(4) 
Pd(1)-C(4) 2.097(2) C(28)-C(29) 1.408(5) 
Pd(1)-C(5) 2.169(3) C(29)-C(30) 1.417(4) 
Bond angles 
Cl(1)-Pd(1)-Cl(2) 87.06(2) Cl(2)-Pd(1)-C(28) 98.35(9) 
Cl(1)-Pd(2)-Cl(2) 87.54(2) Cl(2)-Pd(1)-C(30) 164.59(9) 
Cl(1)-Pd(1)-C(3) 170.08(9) Cl(3)-Pd(1)-Cl(2) 101.45(10) 
Cl(1)-Pd(1)-C(5) 102.61(8) Pd(1)-Cl(1)-Pd(2) 85.02(2) 
Cl(1)-Pd(1)-C(28) 172.17(9) Pd(1)-Cl(2)-Pd(2) 85.55(3) 
Cl(1)-Pd(1)-C(30) 106.07(8) C(3)-C(4)-C(5) 115.3(3) 
Cl(2)-Pd(1)-C(3) 101.45(10) C(28)-C(29)-C(30) 116.3(3) 
Cl(2)-Pd(1)-Cl(5) 166.18(8)   
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4.4 Effects of Phosphine Ligands in Nucleophilic Reaction to Steroidal 
Bis-μ-dichloro-η3-allylpalladium Complex 
 
Then reaction of cis,trans-21 with sodium dimethyl malonate was studied using various 
phosphines in THF at room temperature. The cis/trans ratio of 2d was determined by 1H NMR 
spectroscopy. The results of the nucleophilic reaction are summarized in Table 4.2. Reaction 
with PPh3 gave the trans-2d isomer in 65% yield. Only a trace of the corresponding cis isomer 
appeared in the NMR spectrum. A similar result was obtained with nBu3P. When the bidentate 
ligands, Dppp and Dppb were used, selectivity for the trans isomer decreased. With Dppe, the 
cis-2d isomer was obtained as the major product.4 These results suggest phosphines control the 
stereochemistry of the nucleophilic reaction. 
 
 
OPiv
Nu
OPiv
OPiv OPiv
Nu
Pd
Cl
Pd
Cl
Ligand
THF, r.t.
+ NaCH(CO2Me)2
cis,trans-21
cis-2d
trans-2d  
Entry Ligand (equiv.) Yield /%a cis:transb 
1 PPh3 (4) 65 1:99< 
2 nBu3P (4) 64 1:99< 
3 (o-tolyl)3P (4) N.D. — 
4 Dppe (2) 38 4.1:1 
5 Dppe (2) 94 1:3.1 
6 Dppb (2) 87 1:5.3 
aIsolated yield. bThe ratio of the cis/trans isomer was determined by 1H NMR analysis. 
Table 4.2. The effects of ligands on nucleophilic reaction of the steroidal 
cis,trans-η3-allylypalladium chloride dimer 21. 
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NMR Observation. 
The selected 1H NMR data of the steroidal products 2d was summarized in Table 4.3. The 
α-methyne proton signal of the malonate cis-2d appeared at 3.19 ppm (d, J = 9.3 Hz), and the 
vinylic proton signal appeared at 5.08 ppm (s). Those of trans-2d were at 3.33 ppm (d, J = 10.6 
Hz) and 5.22 ppm (d, J = 4.3 Hz). 
 
3.19 ppm
5.08 ppm 5.22 ppm
3.33 ppm
cis-2d trans-2d
MeO2C
MeO2C
H HH HMeO2C
CO2Me
H
H
 
Table. 4.3. Selected 1H NMR data in CDCl3 of allylated product 2d 
Compound COCHCO CHCH=C 
cis-2d 3.19 (d, J = 9.3 Hz) 5.08 (s) 
trans-2d 3.33 (d, J = 10.6 Hz) 5.22 (d, J = 4,3 Hz) 
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4.5 Synthesis of Bicyclic Bis-μ-dichloro-η3-allylpalladium Complex 
 
Isomeric bicyclic η3-allylpalladium chloride complexes 22a and 22b were prepared to study 
the profound effects of ligands on the stereoselectivity of the reaction in detail. The cis,cis iso-
mer 22a was prepared as a major product by the method of Trost, which converts olefins into 
η3-allylpalladium chloride complexes.5 On the contrary, the method of Bosnich from the cor-
responding allylic alcohol yielded the trans,trans isomer 22b predominantly.1 
 
Na2Pd2Cl4, 12N HCl
THF/EtOH/H2O
r.t., under CO PdCl 2
HO Pd
Cl 2
+
Pd
Cl 2
Pd
Cl 2
+
PdCl2, NaCl, NaOAc
AcOH/Ac2O, 60 oC
13
22a: cis,cis-22
22a: cis,cis-22
22b: trans,trans-22
22b: trans,trans-22
30%
22a:22b=1:7.2
38%
22a:22b=7.3:1
14
 
 
 
NMR Observation. 
The selected 1H NMR data of complexes 22 was summarized in Table 4.4. The allylic and 
vinylic proton signal of the allyl moiety of 22a appeared at 5.30 ppm (d, J = 6.5 Hz) and 4.85 
ppm (br), respectively. Those of 22b were at 5.12 (d, J = 7.0Hz) and 4.77 (d, J = 4.8Hz), re-
spectively. The signal from the angular methyl proton of 22a appeared at 1.49 ppm, while that 
of 22b was at 1.05 ppm. 
  
Scheme 4.3. Synthesis of the bicyclic bis-μ-dichloro-η3-allylpalladium Complexes 22. 
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5.30 ppm
4.85 ppm
1.49 ppm
4.77 ppm
5.12 ppm
CH3
Pd
H
H
CH3
Pd
H
H
1.05 ppm
22a 22b
 
Table. 4.4. Selected 1H NMR data in CDCl3 of Pd complex 22 
Compound η3-CH=CHC η3-CH=CHC CH3 
22a 5.30 4.85 1.49 
22b 5.12 4.77 1.05 
 
  
 86 
 
Chapter 4. Phosphine Dependent Stereoselective Nucleophilic Reaction to Bicyclic 
Bis-μ-dichloro-η3-allylpalladium Complexes 
 
4.6 Effects on Phosphine Ligands in Nucleophilic Reaction to Bicyclic 
Bis-μ-dichloro-η3-allylpalladium Complexes 
 
The complexes 4 were subjected to the nucleophilic reactions with sodium dimethyl malo-
nate in the presence of PPh3 or Dppe and the cis/trans ratio of 2b was determined by 1H NMR. 
Table 4.5 depicts the slow nucleophilic reaction of 22b (22a/22b 1:9) with PPh3 resulting in the 
trans isomer as the major product (trans/cis = 5.2:1) while 1,3-dienes were formed by elimina-
tion in considerable yield (Entry 1). Reaction of a 5:1 mixture of 22a and 22b with PPh3 pro-
ceeded rapidly to give the trans product (Entry 2). Reactions with PPh3 produced trans-2b in-
dependent of the ratio of 22a/b. By contrast, reactions with Dppe complex gave mostly the cis 
product (Entries 3 and 4). 
 
 
NuPd
Cl 2
+
Nu
Ligand
THF, r.t.
+ NaCH(CO2Me)2
22 cis-2b trans-2b  
Entry 4a/4b Ligand Yield /%a cis/transb 
1 1:9 PPh3 20 1:5.2 
2 5:1 PPh3 65 1:99< 
3 1:8 Dppe 68 4.1:1 
4 5:1 Dppe 69 6.2:1 
aIsolated yield. bThe ratio of the cis/trans isomer was determined by 1H NMR analysis. 
 
NMR Observation. 
The selected 1H NMR data of bicyclic product 2b was summarized in Table 4.6. The 
α-methyne proton signal of the malonate of cis-2b appeared at 3.21 ppm (d, J = 9.4 Hz), and the 
vinylic proton signal was at 5.08 ppm. Those of trans-2b were at 3.33 ppm (d, J = 10.2 Hz) and 
5.17 ppm (d, J = 2.0 Hz). The signal from the angular methyl proton of cis-2b appeared at 1.052 
ppm, while that of trans-2b was at 1.045 ppm. 
  
Table 4.5. The effects of PPh3 and Dppe on nucleophilic reaction of the bicyclic 
bis-μ-dichloro-η3-allylpalladium dimer 22. 
 87 
 
Chapter 4. Phosphine Dependent Stereoselective Nucleophilic Reaction to Bicyclic 
Bis-μ-dichloro-η3-allylpalladium Complexes 
 
CH3
MeO2C
MeO2C
H HH
CH3
HMeO2C
CO2Me
H
H
3.21 ppm
5.08 ppm
1.052 ppm 1.045 ppm
5.17 ppm
3.33 ppm
cis-2b trans-2b
 
Table. 4.6. Selected 1H NMR data in CDCl3 of allylated product 2b 
Compound COCHCO CHCH=C CH3 
cis-2b 3.21 (d, J = 9.4 Hz) 5.08 (s) 1.052 
trans-2b 3.33 (d, J = 10.2 Hz) 5.17 (d, J = 2.0 Hz) 1.045 
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4.7 Observation of η3-allylpalladium Intermediates Coordinated Phosphine Li-
gands with 1H NMR Analysis 
 
To examine the effects of ligands on the stereochemistry in solution, 
η3-allylpalladium–phosphine complexes were prepared in situ by treatment of 22 with PPh3 or 
Dppe in CDCl3 (Table 4.7). The cis/trans ratio of these complexes was determined by 1H NMR 
spectra.6 The stereochemistry of the PPh3 complexes had a cis/trans ratio of 8.2:1. With Dppe as 
the ligand a cis/trans ratio was 1:7.4. 
 
Pd
Cl 2
Ligand
PdLnPdLn
+
CDCl3, r.t.
22 cis intermediate trans intermediate  
Table 4.7. 1H NMR spectra (600 MHz vs. TMS) in CDCl3 of the Me protons of the allylic 
and/or vinylic protons of η3-allylpalladium intermediates. 
 cis intermediate δ /ppm trans intermediate δ /ppm 
22 + 4 PPh3 
1.49 (s, 3H, Me) 0.95 (s, 3H, Me) 
3.52 (br, 1H, η3-CHCH=C) 3.79 (br, 1H, η3-CHCH=C) 
5.34 (d, J = 6.1 Hz, 1H, 
η3-CHCH=C) 
5.22 (d, J = 6.6 Hz, 1H, 
η3-CHCH=C) 
cis/trans=8.2:1 
22 + 2 Dppe 
Not assigned (Me)a 1.13 (s, 3H, Me) 
4.46 (br, 1H, η3-CHCH=C) 5.12 (br, 1H, η3-CHCH=C) 
5.52 (d, J = 7.4 Hz, 1H, 
η3-CHCH=C) 
5.45 (d, J = 6.9 Hz, 1H, 
η3-CHCH=C) 
cis/trans=1:7.4 
aThe angular methyl proton signal hid among other protons and could not be distinguished from 
others. 
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4.8 Plausible Mechanism of Allylic Alkylation of the Steroidal or Bicyclic 
Bis-μ-dichloro-η3-allylpalladium Complex 
 
Scheme 4.4 presents a mechanism to explain these results. For the reaction with PPh3 the 
intermediates B react faster than the isomers A. The nucleophilic attack on isomers A is so slow 
that epimerization to isomers B by Pd(0) species, generated after nucleophilic attack, occurs 
before the nucleophilic attack to A.7 Thus, trans isomers D are the major products irrespectively. 
On the contrary, in the case of Dppe cis isomers C are obtained from both cis and trans com-
plexes, because the isomers B with Dppe react more slowly than the trans isomers A. 
 
L
trans intermediate A
Pd
Cl 2
PdLn
PdLn
Nu
cis intermediate B
Nu-
Nu
Nu-
Pd0Ln
cis isomer C
trans isomer D
L=Ligand
Nu=CH(CO2Me)2
Dppe: Thermodynamic Control
PPh3: Kinetic Control
 
 
  
Scheme 4.4. Plausible mechanism of the allylic alkylation of the η3-allylpalladium chloride 
dimer. 
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4.9 Summary 
 
The discovery of the enantiodistinctive reaction described in Chapter 3 prompted the author 
to examine the enantiodistinctive reaction of unsymmetrical bicyclic compounds in detail. In the 
course of the studies the unprecedented unique structure of η3-allylpalladium chloride dimer 
was found to form. Investigation of the allylic alkylation using this steroidal Pd complex and 
furthermore using bicyclic compounds with various phosphines lead into another interesting 
feature of nucleophilic reaction of η3-allylpalladium complexes, thus, the stereochemistry of 
this reaction is dependent on the type of the added phosphines. The stereoselectivity in the nuc-
leophilic reaction of steroidal and bicyclic η3-allylpalladium complexes is controlled by the 
added phosphines. 
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4.10 Experimental Section 
 
(10R,13S,17S)-2,3,6,7,8,9,10,11,12,13,14,15,16,17-Tetradecahydro-10,13-dimethyl-3-oxo-1H
-cyclopenta[a]phenanthren-17-yl pivalate (18b) 
OPiv
O  
To a solution of testosterone (288 mg, 1.0 mmol) in CH2Cl2 (10 mL) was added Et3N 
(0.62 mL, 4.4 mmol), pivaloyl chloride (0.5 mL, 4.0 mmol), and 4-DMAP (12 mg, 0.1 
mmol) at 0 oC. The mixture was heated to reflux for 17 h then cooled. Then, the mixture 
was diluted with saturated NaHCO3 aq., extracted with CH2Cl2, dried over MgSO4, fil-
tered, and concentrated under reduced pressure. The crude residue was purified by 
column chromatography on silica gel (10% ethyl acetate in hexanes) to afford corres-
ponding alcohol 19a (283 mg, 76%) as white solid. 
 
Rf: 0.47 (nHexane/EtOAc 2:1) 
[α]D21 +39.7o (c 1.1, CHCl3) 
1H NMR (400 MHz, CDCl3):δ 5.73 (s, 1H, COCH=C), 4.57 (d, J = 9.5, 7.8 Hz, 1H, 
CHOCO), 2.47-2.27 (m, 4H), 2.22-2.13 (m, 1H), 2.03 (m, 1H), 1.85-1.30 (m, 9H, 
COC(CH3)3), 1.20 (s, 12H), 1.11-0.92 (m, 4H), 0.85 (s, 3H, CCH3). 
13C NMR (100 MHz, CDCl3):δ 199.4, 178.5, 170.9, 124.0, 82.0, 53.7, 50.3, 42.6, 38.9, 
38.6, 36.7, 35.7, 35.4, 33.9, 32.7, 31.5, 27.5, 27.2, 23.5, 20.5, 17.4, 12.0. 
HRMS (FAB) Calcd. for C24H37O3 (M+H)+: 373.2743. Found: 373.2762. 
 
(3S,10R,13S,17S)-2,3,6,7,8,9,10,11,12,13,14,15,16,17-Tetradecahydro-3-hydroxy-10,13-dime
thyl-1H-cyclopenta[a]phenanthren-17-yl pivalate (19b) 
OPiv
HO  
To a solution of 18b (37.2 mg, 0.10 mmol) in MeOH (2.0 mL) was added CeCl3.7H2O 
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(74.5mg, 0.2 mmol) and NaBH4 (7.6 mg, 0.2 mmol) at 0 oC. After the reaction mixture 
was stirred for 2 h at 0 oC, the suspension was quenched with H2O. The mixture was 
extracted with ether, washed with brine, dried over MgSO4, filtered. The solvent was 
evaporated under reduced pressure and the residue was purified by column chromato-
graphy on silica gel (15% ethyl acetate in hexane) to afford allylic alcohol 19b (39.9mg, 
quant.). 
 
Rf: 0.43 (nHexane/EtOAc 2:1) 
[α]D21 +60o (c 0.95, CHCl3) 
1H NMR (400 MHz, CDCl3):δ 5.29 (s, 1H, CHCH=C), 4.55 (dd, J = 9.5, 8.0 Hz, 1H, 
CHOCO), 4.14 (br, 1H, HOCHC), 2.24-1.94 (m, 4H), 1.76-1.22 (m, 12H), 1.19 (s, 9H, 
COC(CH3)3), 1.06 (s, 3H, CCH3), 1.04-0.93 (m, 1H), 0.93-0.84 (m, 1H), 0.82 (s, 3H, 
CCH3), 0.80-0.73 (m, 1H) . 
13C NMR (100 MHz, CDCl3):δ 178.6, 147.3, 123.6, 82.3, 67.9, 54.4, 50.5, 42.7, 38.9, 
37.4, 36.9, 35.7, 35.4, 32.6, 32.0, 29.5, 27.5, 27.2, 23.6, 20.5, 18.9, 12.1. 
 
[Pd(μ-Cl)(3—5η3-C19H28OPiv)]2 (21) 
OPiv
OPivPd
Cl
Pd
Cl
 
Palladium chloride (177 mg, 1.0 mmol) and sodium chloride (244 mg, 4.2 mmol) were dis-
solved in hot water (0.9 mL) and to this solution were added in the following order: ethanol (1.8 
mL), steroidal allylic alcohol 1 (824 mg, 2.2 mmol) in THF (9.0 mL) and aqueous hydrochloric 
acid (0.35 mL, 12 N). Carbon monoxide was passed through the solution at room temperature 
and, after 2 h, a clear yellow orange solution was obtained. After that, the black solid began to 
precipitate. After 16 h at room temperature under carbon monoxide, the solvents was passed 
through the short silica gel pad, the filtrate was removed under reduced pressure. The residue 
was purified by chromatography on silica gel with hexane/EtOAc as eluting solvent to afford 
yellow solids of η3-allylpalladium chloride dimer (280 mg, 56%), which was found to be in a 
1:3 ratio of cis:trans isomer by NMR. The trans,trans-2 was soluble in ether and was separated 
by washing the yellow solid with ether. The ethereal eluant was condensed and the residue was 
recrystallized from hexane-CH2Cl2 to give cis,trans-2 as a yellow crystal. 
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cis,trans-21 
[α]D23 +1.3o (c 1.2, CHCl3) 
IR (cm-1): 2935, 1726, 1437, 1284, 1219, 1165. 
1H NMR (400 MHz, CDCl3):δ 5.30 (d, J = 6.5, 1H, η3-CHCH=C), 5.14 (br, 1H, 
η3-CHCH=C), 4.88-4.78 (m, 2H, η3-CHCH=C), 4.60-4.52 (m, 2H, CHOCO), 2.46 (m, 
1H), 2.15 (m, 3H), 1.91-1.65 (m, 9H), 1.58 (s, 6H), 1.51-1.22 (m, 15H), 1.19 (s, 9H, 
COC(CH3)3), 1.18 (s, 9H, COC(CH3)3), 1.16-0.85 (m, 10H), 0.80 (s, 6H). 
 
Crystal structure determination of cis,trans-21. A yellow platelet crystal of C50H83Cl2O2Pd2 
having approximate dimensions of 0.50 x 0.36 x 0.17 mm was mounted on a glass fiber. All 
measurements were made on a Rigaku RAXIS RAPID imaging plate area detector with graphite 
monochromated Mo-Kα radiation. Indexing was performed from 3 oscillations that were ex-
posed for 30 seconds. The crystal-to-detector distance was 127.40 mm. Cell constants and an 
orientation matrix for data collection corresponded to a primitive orthorhombic cell with dimen-
sions: a = 11.8918(2) Å, b = 12.4532(3), c = 31.3760(7), and V = 4646.48(17) Å3, respectively. 
For Z = 4 and F.W. = 999.91, the calculated density is 1.429 g/cm3. The systematic absences of: 
h00: h ± 2n, 0k0: k ± 2n, 00l: l ± 2n. Uniquely determine the space group to be P212121 (#19). 
The data were collected at a temperature of -150 ± 1oC to a maximum 2θ value of 55.0o. A total 
of 180 oscillation images were collected. A sweep of data was done using ω scans from 130.0 to 
190.0o in 3.0o step, at χ = 45.0o and φ = 0.0o. The exposure rate was 200.0 [sec/o]. A second 
sweep was performed using ω scans from 0.0 to 160.0o in 1.0o step, at χ = 45.0o and φ = 210.0o. 
The exposure rate was 200.0 [sec/o]. The crystal-to-detector distance was 127.40 mm. Readout 
was performed in the 0.100 mm pixel mode. Of the 45501 reflections that were collected, 10650 
were unique (Rint = 0.028); equivalent reflections were merged. The structure was solved by di-
rect methods8 and expanded using Fourier techniques9. The non-hydrogen atoms were refined 
anisotropically. Hydrogen atoms were refined using the riding model. The final cycle of 
full-matrix least-squares refinement10 on F2 was based on 10650 observed reflections and 588 
variable parameters and converged (largest parameter shift was 0.01 times its esd) with un-
weighted and weighted agreement factors of: R = Σ||Fo| - |Fc||/Σ |Fo| = 0.0335, wR = [Σ(w(Fo2 - 
Fc2)2)/Σ w(Fo2)2]1/2 = 0.0944. The standard deviation of an observation of unit weight11 was 1.00. 
A Sheldrick weighting scheme was used. Plots of Σw(|Fo| - |Fc|)2 versus |Fo|, reflection order in 
data collection, sinθ/λ and various classes of indices showed no unusual trends. The maximum 
and minimum peaks on the final difference Fourier map corresponded to 2.05 and -0.98 e/Å3, 
respectively. The absolute structure was deduced based on Flack parameter, -0.031(18), refined 
using 4740 Friedel pairs.12 Neutral atom scattering factors were taken from Cromer and Waber.13 
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Anomalous dispersion effects were included in Fcalc;14 the values for Δf' and Δf" were those of 
Creagh and McAuley.15 The values for the mass attenuation coefficients are those of Creagh and 
Hubbell.16 All calculations were performed using the CrystalStructure17, 18 crystallographic 
software package. 
 
Table 4.8. Crystal data of the complex cis,trans-[Pd(μ-Cl)(η3-C19H28OPiv)]2 21. 
Crystal data 
Empirical Formula C50H83Cl2O2Pd2 
Formula Weight 999.91 
Crystal Color, Habit yellow, platelet 
Crystal System orthorhombic 
a, b, c (Å) 11.8918(2), 12.4532(3), 31.3760(7) 
V (Å3) 4646.48(17) 
Space Group P212121 (#19) 
Z 4 
DCalc (g/cm3) 1.429 
F(000) 2100.00 
μ (cm-1) 9.273 
Crystal size (mm) 0.50 x 0.36 x 0.17 
Intensity measurements 
Diffractometer Rigaku RAXIS-RAPID 
Radiation, λ (Å) MoKα, 0.71075 
 graphite monochromated 
Temperature (K) 123 
2θmax (o) 55.0 
Total data 45501 
Total unique data 10650 
Observed data [I>2.00σ(I)] 0.0335 
Structure solution and refinement 
Structure Solution Direct Methods (SIR92) 
Refinement Full-matrix least-squares on F2 
Function Minimized Σw(Fo2 - Fc2)2  
Least Squares Weights 1/[0.0013Fo2+1.0000σ(Fo2)]/(4Fo2) 
2θmax cutoff (o) 55.0 
No. Observations (All reflections) 10650 
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No. Variables 588 
Reflection/Parameter Ratio 18.11 
Residuals: R1 (I>2.00σ(I)) 0.0335 
Residuals: R, wR2 (All reflections) 0.0347, 0.0944 
S 0.999 
Flack Parameter (Friedel pairs = 4740) -0.031(18) 
Max Shift/Error in Final Cycle 0.010 
Min. and max. resd. dens. e/Å3 -0.98, 2.05 
 
General procedure for palladium-catalyzed nucleophilic reaction of the palladium chloride 
dimer 21 with sodium dimethyl malonate. 
cis,trans-21 (1 equiv.) and a ligand (monodentate ligands: 4 equiv., bidentate ligands: 2 equiv.) 
were stirred in THF for a few minutes under N2. To the reaction mixture was added sodium me-
thyl malonate (3 equiv.) prepared form NaH and methyl malonate in THF. This mixture was 
stirred for 24 h at room temperature. The usual work up and flash chromatography provided the 
products 2d. 
 
Dimethyl 
2-((3S,10R,13S,17S)-2,3,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-10,13-dimethyl-17-(
pivaloyloxy)-1H-cyclopenta[a]phenanthren-3-yl)malonate (cis-2d) 
OPiv
MeO2C
CO2Me  
 
1H NMR (400 MHz, CDCl3):δ 5.08 (s, 1H, CH=C), 4.55 (dd, J = 9.5, 8.2 Hz, 1H, CHOCO), 
3.74 (s, 3H, CH3O), 3.73 (s, 3H, CH3O), 3.19 (d, J = 9.3 Hz, 1H, COCHCO), 2.82 (m, 1H, 
CHCH=C), 2.15 (m, 2H), 1.98 (m, 1H), 1.75-1.22 (s, 16H), 1.19 (s, 9H, COC(CH3)3), 1.00 (s, 
3H, CCH3), 0.80 (s, 3H, CCH3). 
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Dimethyl 
2-((3R,10R,13S,17S)-2,3,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-10,13-dimethyl-17-(
pivaloyloxy)-1H-cyclopenta[a]phenanthren-3-yl)malonate (trans-2d) 
OPiv
MeO2C
CO2Me  
1H NMR (400 MHz, CDCl3):δ 5.22 (d, J = 4.3 Hz, 1H, CH=C), 4.55 (dd, J = 9.1, 8.0 Hz, 1H, 
CHOCO), 3.74 (s, 3H, CH3O), 3.73 (s, 3H, CH3O), 3.30 (d, J = 10.6 Hz, 1H, COCHCO), 2.83 
(m, 1H, CHCH=C), 2.16 (m, 2H), 1.96 (m, 1H), 1.73-1.25 (m, 16H),1.19 (s, 9H, COC(CH3)3), 
1.00 (s, 3H, CCH3), 0.80 (s, 3H, CCH3). 
 
(cis,cis)-[Pd(μ-Cl)(2—8aη3-C11H17)]2 (22a) 
Pd
Cl 2  
Sodium acetate (1.2 g, 14.4 mmol), sodium chloride (842 mg, 14.4 mmol), and palladium chlo-
ride (196 mg, 2.6 mmol) were stirred 2 hr at 95 oC in glacial acetic acid (13 mL) and acetic an-
hydride (0.25 mL). The solution was cooled to 60 oC and octahydronaphtalene 14 (394 mg, 2.6 
mmol) of acetic acid (0.75 mL) was added to the solution in one portion. The solution was kept 
at 60 oC for 16 h, cooled to room temperature, and filtered. After an aqueous work-up and ex-
traction with CH2Cl2, purification of the crude yellow oil by chromatography on silica gel with 
hexane/EtOAc as eluting solvent to afford palladium complex 22 (244 mg, 38%, 
cis,cis:trans,trans=7.3:1) as a yellow solid. 
 
1H NMR (400 MHz, CDCl3):δ 5.30 (d, J = 6.5Hz, 1H, η3-CHCH=C), 4.85 (br, 1H, 
η3-CHCH=C), 2.20-2.14 (m, 1H, CH2), 1.89-1.64 (m, 5H, CH2), 1.49 (s, 3H, CCH3), 1.46-1.26 
(m, 4H, CH2), 1.05-0.99 (m, 2H, CH2). 
13C NMR (150 MHz, CDCl3):δ 101.2, 75.4, 43.6, 40.3, 37.4, 34.3, 30.1, 25.5, 24.7, 24.5, 22.4. 
HRMS (FAB) Calcd. for C22H35Cl2Pd2 (M+H)+: 581.0185. Found: 581.0175. 
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(trans,trans)-[Pd(μ-Cl)(2—8aη3-C11H17)]2 (22b) 
Pd
Cl 2  
Palladium chloride (177 mg, 1.0 mmol) and sodium chloride (244 mg, 4.2 mmol) were 
dissolved in hot water (0.9 mL) and to this solution were added in the following order: 
ethanol (1.8 mL), the bicyclic allylic alcohol 7 (824 mg, 2.2 mmol) in THF (9.0 mL) 
and aqueous hydrochloric acid (0.35 mL, 12 N). Carbon monoxide was passed through 
the solution at room temperature for 3 d, the color of the solution turned yellow to pale 
yellow and then, the black solid precipitated. The mixture was passed through the short 
silica gel pad, the filtrate was condensed under reduced pressure. The residue was puri-
fied by chromatography on silica gel with hexane/EtOAc as eluting solvent to afford 
palladium complex 22 (50 mg, 30% yield, cis,cis:trans,trans=1:7.2). 
 
1H NMR (300 MHz, CDCl3):δ 5.12 (d, J = 7.0Hz, 1H, η3-CHCH=C), 4.77 (d, J = 4.8Hz, 
1H, η3-CHCH=C), 2.64 (td, J = 13.2, 6.4 Hz, 1H, CH2), 2.20-1.26 (m, 11H, CH2), 1.05 
(s, 3H, CCH3). 
13C NMR (150 MHz, CDCl3):δ 106.9, 99.6, 40.2, 39.4, 38.2, 35.8, 32.2, 24.5, 21.5, 17.2, 
16.8. 
HRMS (FAB) Calcd. for C22H35Cl2Pd2 (M+H)+: 581.0185. Found: 581.0175. 
 
General procedure of the nucleophilic reaction of 4 with PPh3 or Dppe. 
η3-Allylpalladium chloride complex 22 (1 equiv.) and a ligand (PPh3: 4 equiv., Dppe: 2 
equiv.) were stirred in THF for a few minutes under N2. Sodium methyl malonate (3 
equiv.) prepared form NaH and methyl malonate in THF was added to the reaction 
mixture. This mixture was stirred for 24 h at room temperature. The usual work up and 
purification by flash chromatography provided the products 1b. 
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Dimethyl 2-cis-2,3,4,4a,5,6,7,8-octahydro-4a-methylnaphthalen-7-yl)malonate 
(cis-2b) 
CO2Me
MeO2C
 
See Section 3.7. 
 
Dimethyl 2-trans-2,3,4,4a,5,6,7,8-octahydro-4a-methylnaphthalen-7-yl)malonate 
(trans-2b) 
MeO2C
CO2Me  
1H NMR (400 MHz, CDCl3):δ 5.17 (d, J = 2.0 Hz, 1H, CH=C), 3.74 (s, 3H, CH3O), 
3.73 (s, 3H, CH3O), 3.30 (d, J = 10.2 Hz, 1H, COCHCO), 2.84 (m, 1H, CHCH=C), 2.18 
(m, 1H, CH=CCH2), 1.93 (m, 1H, CH=CCH2), 1.77-1.15 (s, 10H, CH2), 1.05 (s, 3H, 
CCH3). 
 
The reaction of bicyclic η3-allylpalladium chloride dimer 4 and PPh3/Dppe in 
NMR tube. 
Solution of η3-allylpalladium chloride dimer 22 (1 equiv.) and a ligand (PPh3: 4 equiv., 
Dppe: 2 equiv.) was prepared in CDCl3 under Ar. The 1H NMR of the cis/trans phosphine 
complexes was summarized in Table 4.7. 
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Organic compounds have three-dimensional structures. The chirality is fundamental of 
structural organic chemistry and is related to origin of life. The importance of chirality is now 
well recognized in connection mainly with physiological and pharmacological properties of 
natural and artificial organic compounds as well as with the fundamental character of the tetra-
hedral carbon atom. Over the last 30 years, asymmetric synthesis has developed rapidly and ex-
tensively and it is growing into a new way of producing optically active chiral compounds that 
is more general and efficient than enzymatic reactions in many cases. This was considered im-
probable until quite recently. The author is interested in chiral synthesis using templates of tran-
sition metal complexes as catalysts.  
There are several features that make reactions involving Pd particularly useful and versatile 
among many transition metals used for organic synthesis. Most importantly, Pd offers many 
possibilities of carbon–carbon bond formation. The importance of carbon–carbon bond forma-
tion in organic synthesis needs no explanation, and no other transition metals can offer such 
versatile methods for carbon–carbon formations as Pd. The tolerance of Pd reagent atom any 
functional groups such, as carbonyl and hydroxyl groups are the second important feature. 
Pd-catalyzed reactions can be carried out without protection of these functional groups. Al-
though reactions involving Pd should be carried out carefully, Pd reagents and catalysts are not 
very sensitive to oxygen and moisture, or even to acid. Ni(0) complexes are extremely sensitive 
to oxygen. On the other hand, in many reactions catalyzed by Pd–phosphine complexes, it is 
enough to apply precautions to avoid oxidation of the phosphine, and this can be done easily.  
As described above the palladium catalyzed chemistry has been developed rapidly and a va-
riety of reactions are applied to organic synthesis. The author paid an attention of the palla-
dium-catalyzed stereoselective reactions. There are several allylic compounds to afford symme-
trical η3-allylpalladium intermediates. Oxidative addition of these allylic compounds by Pd(0) 
species takes place to form the singleη3-allylpalladium intermediates from both enantiomers. 
Mainly, 1,3-diphenyl allylic compound has been used as a substrate for this type of reaction. It 
is known that this allylic compound affords the high yield and enantioselectivity. This com-
pound has a drawback as below. This enables the allylic alkylation, however elimination is im-
possible. To investigate palladium-catalyzed enantioselectivity elimination, it is needed to de-
sign and prepare the other allylic compounds. To the best of the author’s knowledge, there is no 
investigation of enantioselective allylic alkylation and elimination using the same allylic com-
pound in η3-allylpalladium chemistry. The author believes that the studies as above gain insight 
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into organopalladium chemistry to appreciate compatiblely. To realize this concept, the author 
designed allylic compound. The author studied the influence of the stereochemistry of chiral 
ligands on the chiral substrate to obtain several interesting results using another allylic com-
pound. In the presence of nucleophile, reactions of a steroidal allylic compound as a chiral sub-
strate using a palladium catalyst and a chiral ligand were occurred. The substrate was converted 
to the different product by the stereochemistry of the added chiral ligands. The difference of 
stereochemistry has a main pathway controlled. This result was applied to a racemic substrate to 
develop a novel kinetic resolution. 
In Chapter 1 a general overview is given of the important aspects of this research. It in-
volves the usefulness of palladium-catalyzed reactions, stoichiometric and catalytic 
η3-allylpalladium chemistry, reaction patterns and various allylic compounds used for catalytic 
reactions, preparation of η3-allylpalladium complexes from alkenes and their reactions with 
carbon nucleophiles, so on. The author assumed that palladium chemistry would be particularly 
useful for the development of the organic synthesis for stereoselective construction of fused ring 
systems (The purpose of the study). 
In Chapter 2 palladium-catalyzed enantioselective reactions, allylic alkylation and elimina-
tion are described. The author designed a unique allylic compound, which enables asymmetric 
synthesis by both allylation and elimination using palladium catalysts. The author investigated 
the palladium-catalyzed enantioselective reaction of this substrate to accomplish with the high 
enantioselectivity. Both enantiomers of this allylic compound form the same η3-allylpalladium 
intermediate. Application of this feature leads the author to achieve with the purpose of this stu-
dies that enantioselective allylic alkylation and elimination are occurred by one allylic com-
pound. 
In Chapter 3 a novel kinetic resolution using palladium catalyst is described. Generally, in 
the kinetic resolution, it is needed that the conversion of the racemic substrates is lower than 
50% to obtain the products with the high enantiomeric excesses. Even if the reaction described 
in Chapter 3, enantiodistinctive reaction, converts completely, the enantiomeric excesses of two 
products yielded by this reaction enable to be held with the considerablely high value. The new 
concept could be introduced into a usual kinetic resolution. 
In Chapter 4 the reactivity of the unique η3-allylpalladium chloride dimer is described. The 
palladium complex, prepared from a natural steroid derivative, in this chapter is greatly different 
from the other complexes reported previously. Although almost all η3-allylpalladium chloride 
dimers have cis or trans structures, this complex has cis and trans structures in the 1:1 ratio 
completely. As far as the author knows this type of complex has not been reported previously. 
From the results of nucleophilic reaction of this complex, it is found that the stereoselectivity of 
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the products depends on the added phosphines and is irrespective of the composition of palla-
dium complexes. These facts indicate that the reaction from complexes, stoichiometric reaction, 
is not always accordance with catalytic reaction via organometallic intermediate. 
The palladium catalyzed chemistry has been developed rapidly and a variety of reactions are 
applied to organic synthesis. The author paid an attention of the palladium-catalyzed stereose-
lective reactions. In the course of the studies various synthetic methods have been developed 
and furthermore several novel observations have been found. This thesis deals with the results 
of the study and discussion of the palladium chemistry. 
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